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Abstract 


Absorption,  excitation,  continuous  fluorescence,  and  pulse  fluorescence  meas¬ 
urements  were  made  on  ruby  samples  with  0.  94  percent  and  2. 1  percent  Cr+3  in 
the  temperature  range  from  4. 2*K  up  to  700*K.  The  widths,  positions,  Intensities, 
and  lifetimes  of  the  R  and  N  fluorescence  lines  were  determined  at  numerous 
temperatures. 

The  results  for  the  temperature  dependence  of  the  linewidths  are  explained  in 
terms  of  microscopic  strains,  Raman  scattering  of  phonons  by  the  Impurity  ions, 
and  direct  phonon  processes.  The  results  for  the  lineshifts  with  temperature  are 
due  to  the  absorption  and  emission  of  virtual  phonons.  A  Debye  model  of  phonons 
is  used  with  different  effective  phonon  distributions  for  the  linewidth  and  lineshlft 
processes.  Also,  the  effective  phonon  distribution  for  the  broadening  of  pair  lines 
is  different  than  that  for  the  broadening  of  single-ion  lines. 

Ratios  of  the  intensities  of  the  Rj,  R2,  and  N2  lines  to  the  Nj  line  are  pro¬ 
portional  to  the  relation  exp  [  -  AE/(KT)]  at  high  temperatures  but  not  at  low  tem¬ 
peratures,  indicating  that  energy  transfer  between  single-ion  and  double-ion  sys¬ 
tems  is  temperature  and  concentration  dependent.  The  temperature  dependence 
of  the  relative  intensity  ratios  of  the  no-phonon  lines  is  used  to  construct  energy 
level  diagrams  for  two  pair  systems  and  to  assign  the  lines  to  specific  transitions. 

The  observed  lifetimes  of  the  R  and  N  lines  coincide  in  the  temperature  range 
where  the  systems  are  thermalized  and  the  observed  decays  are  pure  exponentials. 
At  temperatures  where  the  systems  are  decoupled,  an  initial  rise  in  fluorescence 
is  observed  at  the  N  lines.  The  subsequent  decay  has  the  lifetime  of  the  R  lines 
for  a  0.  94  percent  sample  and  the  lifetime  of  the  N  lines  for  a  2. 1  percent  sample. 


These  results  are  also  explained  in  terms  of  energy  transfer  from  single  ions  to 
pairs. 

The  effects  of  reabsorption  on  the  fluorescence  spectrum  are  also  discussed. 
Selective  reabsorption  causes  the  R  lines  to  be  self-reversed.  Reabsorption  effects 
are  also  seen  in  the  Nj  and  N2  lines  as  well  as  various  other  lines  due  to  Cr+3 
ion  pairs.  The  widths  of  the  lines  in  the  reabsorbed  spectra  are  greater  than  the 
fluorescence  linewidths.  The  magnitude  of  these  effects  is  explained  by  three  fac¬ 
tors:  the  dynamics  of  the  excitations,  the  absorption  cross  section,  and  the  popu¬ 
lation  of  the  various  levels. 
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The  Interaction  of  Chromium  Ions  in  Ruby  Crystals 


1.  INTRODUCTION 

The  purpose  of  this  work  is  to  investigate  some  of  the  static  and  dynamic  prop* 
erties  of  interacting  impurity  ions  in  crystals.  Because  of  its  importance  in  quan¬ 
tum  electronic  devices,  ruby  has  been  chosen  as  an  example  material  for  this  stucfy. 

The  extremely  rapid  development  of  the  laser  has  given  great  impetus  to  both 
the  experimental  and  theoretical  investigations  of  paramagnetic  ions  in  diamagnetic 
host  lattices.  Thus,  in  recent  years,  solid  state  spectroscopy  with  its  interpreta¬ 
tion  through  ligand  field  theory  has  become  one  of  the  most  active  and  Important 
areas  of  physics.  A  great  amount  of  varied  information  can  be  obtained  through 
these  techniques  and  applied  to  the  study  of  numerous  physical  phenomena.  For 
example,  in  investigating  materials  for  use  as  lasers,  the  interesting  spectral 
features  include  a  wide  absorption  band,  a  sharp  emission  line,  and  a  high  quantum 
efficiency  between  them. 

The  experimental  techniques  and  the  resulting  data  are  different  for  the  vari¬ 
ous  regions  of  the  spectrum.  Optical  spectroscopy  is  the  most  productive  area  in 
terms  of  Information  pertinent  to  the  stucfy  of  laser  crystals.  Therefore,  the 
present  work  will  deal  mainly  with  this  region  of  the  spectrum.  The  observed 
spectrum  is  due  to  a  rearrangement  of  the  coupling  of  the  electrons  in  the  outer¬ 
most  shell  of  the  active  ion.  Other  interesting  regions  of  the  spectrum  include  the 
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ultraviolet  range  which  yields  Information  on  charge  transfer  processes,  the 
Infrared  region  in  which  the  lattice  vibrational  frequencies  are  detected,  and  the 
microwave  range  in  which  E.  P.  R.  *  techniques  can  be  used  to  study  ground  state 
splittings  and  magnetic  properties. 

It  is  possible  to  categorize  the  information  concerning  a  fluorescent  system 
which  is  obtained  through  solid  state  spectroscopy  as  static  or  dynamic.  The 
former  classification  includes  properties  of  the  fluorescent  system  per  se  such 
as  the  energy  levels  and  wave  functions.  The  latter  category  consists  of  proper¬ 
ties  of  the  fluorescence  system  which  arise  through  the  interaction  of  the  system 
with  "external"  perturbations  such  as  radiation  and  lattice  vibrations.  Examples 
of  this  type  of  information  include  fluorescent  lifetimes  and  selection  rules.  The 
impurity  ion  can  also  be  used  as  a  probe  to  extract  Information  about  the  host  lat¬ 
tice  and  about  various  phonon  processes  occurring  in  the  crystal.  For  example, 
the  fine  structure  of  the  "vibronic"  bands  yields  information  about  characteristic 
lattice  vibrations. 

A  number  of  experimental  techniques  are  available  in  optical  spectroscopy. 
Absorption  measurements  are  made  by  scanning  the  monochromatic  exciting  radia¬ 
tion  through  the  frequency  range  of  interest  and  detecting  the  intensity  loss  of  the 
radiation  which  passes  through  the  sample  at  each  frequency.  The  fluorescence 
spectrum  is  obtained  by  exciting  a  sample  with  energy  spread  over  a  wide  range 
including  the  main  absorption  bands  and  detecting  the  energy  emission  at  each 
frequency  by  scanning  over  the  range  of  interest.  In  excitation  experiments  one 
emission  frequency  is  monitored  while  the  frequency  of  the  exciting  monochromatic 
light  is  varied.  In  pulsed  fluorescence  experiments  a  short  intense  pulse  of  white 
light  is  used  to  excite  the  sample  and  the  intensity  decay  with  time  of  the  emission 
at  a  specific  frequency  is  monitored.  Using  the  same  experimental  arrangement 
with  a  variable  monochromatic  pulse  yields  selective  excitation  data. 

The  properties  of  paramagnetic  ions  in  crystals  can  best  be  explained  through 
ligand  field  theory.  In  this  theory  the  active  ion  is  considered  as  being  at  the  cen¬ 
ter  of  a  coordination  polyhedron  formed  by  ligands.  The  ligands  themselves  are 
considered  only  as  point  charges  which  create  an  electrostatic  field  surrounding 
the  central  ion.  Thus,  no  interaction  of  the  ligand  orbitals  with  those  of  the  cen¬ 
tral  ion  can  be  treated  explicitly.  Therefore,  this  model  reduces  the  problem  to 
one  of  Stark  splitting  of  the  energy  levels  of  the  magnetic  ion  in  an  electrostatic 
field  of  specific  symmetry.  The  effect  of  any  covalency  in  the  bonding  of  the  mag¬ 
netic  ion  and  the  Uganda  is  accounted  for  by  adjusting  the  free  ion  Racah  param¬ 
eters  and  the  crystal  field  Dq  parameter  to  give  a  good  theoretical  fit  with  experi¬ 
mental  data.  A  more  exact  treatment  of  the  problem  is  given  by  molecular  orbital 
theory.  Combinations  of  the  metal  ion  and  ligand  orbitals  are  formed  to  give 
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molecular  orbitals  which  account  for  any  overlap.  In  practice  this  approach  is 
mathematically  cumbersome  and  generally  ligand  field  theory  can  explain  a  large 
part  of  the  optical  spectrum.  In  the  case  of  ruby,  ligand  field  theory  has  bepn 
quite  successful  in  explaining  the  observed  experimental  results. 

In  general  the  materials  used  as  lasers  have  a  very  low  concentration  of  active 
ions,  for  example,  standard  laser  ruby  contains  0. 05  atomic  percent  Cr+  3.  In  this 
situation  one  paramagnetic  ion  is  completely  isolated  from  the  perturbing  effects 
of  other  paramagnetic  ions.  At  higher  impurity  concentrations  the  probability  of 
finding  two  active  ions  near  together  increases  and  all  the  ions  can  no  longer  be 
considered  as  isolated.  The  interaction  between  pairs  of  some  of  the  ions  creates 
an  entirely  new  fluorescent  system  in  the  crystal.  This  is  important  for  several 
reasons.  First,  although  relatively  high  concentrations  tend  to  quench  the  fluores¬ 
cence  (and  thus  the  laser  emission)  at  the  normally  observed  frequencies,  it  cre¬ 
ates  the  possibility  of  obtaining  laser  emission  at  new  frequencies.  In  fact,  laser 
action  has  been  observed  simultaneously  at  two  frequencies  in  heavily  doped  ruby 
due  to  pair  transitions  (Schawlow  and  Devlin,  1961).  The  pair  system  in  dark  ruby 
is  also  important  in  other  quantum  electronics  applications.  For  example,  transi¬ 
tions  among  the  components  of  the  split  ground  state  manifold  of  the  pair  systems 
may  be  useful  for  masers  and  quantum  counters  in  the  submillimeter  range.  From 
a  more  basic  point  of  view  the  study  of  heavily  doped  ruby  may  increase  the  rela¬ 
tively  limited  understanding  of  the  phenomena  associated  with  interacting  paramag¬ 
netic  ions  in  crystals. 

This  work  is  an  extensive  investigation  of  the  spectroscopic  properties  of 
heavily  doped  ruby.  Throughout  this  thesis,  the  concentration  of  sample  doping 
is  given  in  atomic  percent  chromium.  The  standard  terminology  which  is  used 
is  given  in  Table  1 .  The  properties  of  pink  ruby  are  summarized  and  experimental 
data  are  presented  for  the  purpose  of  comparison  with  dark  ruby.  The  previous 
work  done  on  heavily  doped  ruby  is  discussed  and  the  theory  of  exchange  coupled 
ion  pairs  in  crystals  is  developed.  Various  theoretical  topics  needed  for  interpret¬ 
ing  the  results,  such  as  vibronic  transitions  and  Raman  scattering  of  phonons  by 
impurities,  are  then  developed. 


Table  1 .  Concentration  Terminology  for  Ruby 


Color 

Relative  Amount 
of  Cr  Doping 

Atomic  Percent 

Cr  Concentration 

Pink  ruby 
Red  ruby 
Dark  ruby 

Lightly  doped 
Medium  doped 
Heavily  doped 

Less  than  0. 1% 

0. 1%  to  0.  5% 
Greater  than  0.  5% 

Several  ruby  aamplea  with  various  chromium  concentrations  were  studied. 
Their  absorption  spectrum  was  obtained  at  room  temperature  and  at  77*K.  Com¬ 
plete  fluorescence  spectra  of  the  samples  were  obtained  at  various  temperatures 
from  13*K  up  to  700  *K.  Excitation  measurements  were  performed  on  several  of 
the  lines  of  interest  at  liquid  helium  temperature  and  room  temperature.  The 
thermal  dependence  of  line  width,  line  position,  line  shape,  intensity,  and  fluores¬ 
cence  lifetime  were  determined  for  various  lines  of  interest.  Reabsorption  meas¬ 
urements  were  also  made  at  various  temperatures. 

The  results  of  the  above  experimental  work  are  interpreted  in  terms  of  pair 
effects.  A  physical  model  is  developed  consisting  of  a  host  lattice  with  two  types 
of  active  impurities,  single  Cr+3  ions  and  pairs  of  Cr+3  ions.  A  comparison  is 
made  between  the  effects  of  various  physical  phenomena,  such  as  Raman  scatter¬ 
ing  and  "vibronic"  transitions,  on  single  ions  and  on  coupled  pairs  of  ions.  The 
energy  level  diagrams  are  constructed  for  two  nonequivalent  pair  systems  and 
observed  lines  are  assigned  to  various  transitions  within  these  systems.  A  cross - 
relaxation  mechanism  is  developed  as  a  proposed  explanation  for  the  transfer  of 
energy  from  single  ions  to  pairs. 


2.  ENERGY  LEVELS  AND  SPECTRA  OF  Cr +3  IONS  IN  AljOj 

Ruby  is  aluminum  oxide  doped  with  a  small  amount  of  chromium.  The  a-phase 
A1203  host  lattice  is  known  as  sapphire  or  corundum.  The  lattice  structure  is 
shown  in  Figure  1  from  Geschwind  and  Remeika  (1962).  The  planes  of  oxygen  ions 
are  almost  hexagonal  close-packed.  However,  the  angular  distortion  of  some  of 
the  oxygen  bonds  prevents  perfect  close-packing  and  the  resulting  space  group  is 
R3C  (Wyckoff,  1948).  The  aluminum  ions  fit  between  the  oxygen  planes  with  an 
A-B-C  stacking.  As  seen  in  Figure  1  the  positions  of  the  aluminum  ions  vary 
along  the  C-axis  and  every  third  cation  site  is  vacant. 

The  Cr+3  ions  enter  the  host  lattice  substitutionally  for  aluminum  ions.  They 
are  surrounded  by  six  oxygen  nearest  neighbors  in  almost  octahedral  coordination. 
The  ideal  site  symmetry  is  characterized  by  the  point  group.  However,  the 
octahedron  is  stretched  along  the  three -fold  axis  corresponding  to  the  C-axis  of 
the  crystal.  This  trigonal  distortion  lowers  the  site  symmetry  to  C3y.  The  angu¬ 
lar  displacement  of  the  oxygen  bonds  further  lowers  the  symmetry  to  C3.  However, 
for  determining  the  effects  of  the  crystal  field  on  an  impurity  Cr+3  ion,  the  cubic 
Of,  symmetry  is  a  good  first  approximation  and  the  trigonal  distortion  can  be  treated 
as  a  perturbing  effect. 
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2.1  Lightly  Doped  Ruby 

The  optical  properties  of  lightly 
doped  ruby  have  been  thoroughly  in¬ 
vestigated  both  experimentally  and 
theoretically.  The  electronic  transi¬ 
tions  and  resulting  spectra  are  now 
quite  well  understood  (Sugano  and 
Tanabe,  1958;  Sugano  and  Tsujikawa, 

1958;  Sugano  and  Peter,  1961).  For 
concentrations  of  less  than  about 
0. 1%  Cr+3  the  chromium  ions  can  be 
considered  as  isolated  from  any  per¬ 
turbing  influences  of  other  chromium 
ions  in  the  lattice. 

The  energy  levels  for  ruby  are 
shown  in  Figure  2.  The  terms  of  the 
free  chromium  ions  are  split  by  the 
octahedral  crystal  field  into  crystal  field  terms.  The  total  orbital  angular  momentum 
L  is  no  longer  a  good  quantum  number.  The  crystal  field  eigenfunctions  transform 
according  to  representations  of  the  cubic  group  and  L  is  replaced  by  the  symbol 
designating  the  representation  of  the  cubic  group.  The  total  spin  S  is  still  a  good 
quantum  number  in  the  crystal  field. 

The  octahedral  quartet  and  doublet  states  are  shown  in  the  middle  of  Figure  2. 

To  the  left  of  these  the  free  ion  terms  and  the  crystal  configurations  are  given. 

The  energies  of  crystal  terms  with  the  ground  state  configuration  (t^3)  do  not  de¬ 
pend  on  the  crystal  field  splitting  parameter  (10  Dq)  and  therefore  appear  as 
straight  lines  in  the  diagram.  Terms  belonging  to  configurations  with  one  or  more 
electrons  in  £.  crystal  orbitals  will  be  affected  by  the  modulation  of  10  Dq  due  to 
thermal  vibrations  and  they  appear  as  bands  in  the  diagram.  The  splitting  of  the 
octahedral  states  by  the  smaller  effects  of  spin-orbit  coupling  *nd  trigonal  distor¬ 
tion  is  shown  on  the  right  side  of  Figure  2  for  the  levels  that  will  be  discussed  later. 

The  observed  absorption  and  fluorescence  spectra  can  be  explained  by  consider¬ 
ing  transitions  between  those  energy  levels  governed  by  the  selection  rules  discussed 
in  the  next  section.  The  absorption  and  fluorescence  spectra  are  discussed  in  detail 
in  Sections  5  and  6,  respectively.  The  main  features  of  the  absorption  spectrum  can 
be  divided  into  two  categories,  bands  and  lines.  The  two  most  prominent  bands  are 
due  to  transitions  from  the  ground  state  to  the  ^T^  state  (U  band)  and  to  the 
4Tj  state  (Y  band).  There  are  three  groups  of  lines  which  appear  in  the  absorption 
spectrum.  The  R  lines  are  due  to  transitions  from  the  ground  state  to  the  compo¬ 
nents  of  the  lowest  2E  level  split  by  spin-orbit  interaction  and  the  trigonal  field. 


Figure  1.  Structure  of  the  Corundum 
Lattice  (after  Geschwind  and  Remeika, 
1962) 
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The  S  lines  are  due  to  similar  transitions  to  the  lowest  level.  The  B  lines 
terminate  on  the  components  of  the  split  level  between  the  bands.  The  most 
prominent  features  in  the  fluorescence  spectrum  are  due  to  transitions  between  the 
split  components  of  the  resonant  level  and  the  ground  state. 

2.2  Heavily  Doped  Ruby 

At  chromium  concentrations  greater  than  those  found  in  lightly  doped  ruby  the 
probability  of  forming  pairs  of  chromium  ions  increases  and  ion -ion  interaction 
becomes  relevant.  The  number  of  pairs  may  be  great  enough  to  be  significant  in 
spectroscopic  investigations.  These  interacting  pairs  of  ions  have  different  energy 
levels  and  spectroscopic  properties  than  the  single  ions.  One  of  the  earliest  notable 
investigations  of  the  spectrum  of  heavily  doped  ruby  was  reported  by  Deutschbein 
(1932).  He  reported  the  existence  of  a  large  number  of  lines  on  the  low  energy  side 
of  the  two  prominent  R  lines.  These  were  designated  "satellite"  or  N  lines. 

Jacobs  (1956)  reported  the  accurate  position  of  110  lines  in  the  spectrum  of  heavily 
doped  ruby. 

Schawlow  et  al.  (1959)  first  investigated  the  concentration  dependence  of  these 
lines.  They  found  that  th?  relative  intensity  of  the  N  lines  to  the  R  lines  increased 
with  concentration,  linearly  at  first  and  then  faster  than  linearly  at  higher  concentra¬ 
tions.  Tolstoi  and  Abramov  (1963)  found  the  same  results.  The  linear  increase  was 
explained  by  attributing  the  N  lines  to  pairs  of  coupled  ions.  The  number  of  ion 
pairs  increases  quadratically  with  concentrations  so  the  intensity  ratio  of  a  pair 
line  to  a  single  ion  line  should  depend  linearly  on  concentration.  The  deviation 
from  linearity  was  explained  in  terms  of  energy  transfer  from  single  ions  to  pairs 
which  is  discussed  later.  Wieder  and  Sarles  (1961)  observed  stimulated  emission 
in  the  two  most  prominent  pair  lines,  Nj  and  N2.  In  the  same  year  Schawlow  and 
Devlin  (1961)  observed  simultaneous  laser  action  in  these  two  lines.  They  inter¬ 
preted  this  as  indicating  that  the  two  lines  are  associated  with  different  systems  of 
non -equivalent  pairs. 

The  coupling  mechanism  for  the  ion  pairs  has  been  attributed  to  exchange  inter¬ 
action  because  of  the  antiferromagnetic  nature  of  C^Oj.  The  theory  of  isotropic 
exchange  interaction  with  an  adjustable  coupling  coefficient  J  was  found  to  accurate¬ 
ly  describe  the  ground  state  splittings  but  not  those  of  the  excited  state  (Clogston). 

Neglecting  the  distortion  of  the  environment  of  one  Cr+3  ion  due  to  the  near¬ 
ness  of  another  one,  we  can  assume  each  ion  of  the  pair  to  be  in  single  ion  energy 
levels.  The  Hamiltonian  for  the  pair  can  be  written  as: 

H  =  Hj  +  H2  +  ^interaction  •  (1) 

where  the  phenomenological  coupling  term  is: 


i 

* 


(2) 


J  >  0  corresponds  to  ferromagnetic  coupling,  whereas  J  <  0  corresponds  to  anti¬ 
ferromagnetic  coupling.  As  discussed  in  the  last  section,  the  ground  state  for  a 
Cr+3  ion  in  an  octahedral  site  is  (*F).  In  ruby  this  is  split  by  spin-orbit  inter¬ 
action  and  the  small  trigonal  crystal  field  into  two  Kramer  doublets  with  spins 
Mg  =  ±1/2  and  Mg  =  ±3/2.  However,  this  splitting  (-0.  38  cm-*)  is  small  compared 
with  the  exchange  splitting  and,  therefore,  may  be  neglected.  Thus,  the  ground 
state  for  our  coupled  ion  pair  is  one  in  which  each  ion  is  in  its  individual  ground 
state  with  =  3/2.  The  excited  metastable  state  for  the  pair  occurs  when  one  ion 
is  in  the  ground  state  and  the  other  ion  is  in  the  2g  single  ion  state.  Matters  are 
complicated  here  by  the  splitting  of  the  ^E  level  of  29  cm'1  by  spin-orbit  inter¬ 
action  and  the  trigonal  field.  This  is  comparable  to  the  exchange  splitting. 

The  single  ion  ground  state  term  is  split  by  the  exchange  coupling  in  the  follow¬ 
ing  way.  The  pair  Hamiltonian  and  its  ground  state  eigenfunction  are  given  by: 

Hpair  =  H1  +  h2  ^1  •  ^2  (3) 

1*0  fir)-  IV  >  IV)-  <4> 

The  complete  set  of  commuting  operators  for  Hpair  is: 


Equation  (3)  can  be  put  in  a  different  form  using 


S  t  S2  -  S,2  -  S?2 
S.  •  S,  =— 1 - *— 


^2  2 

The  eigenvalues  of  S  and  Sj  are 


(s2)  =  f>2  S(S+  1), 
<si2)=  fj2  S^Sii  1). 


(5) 

(6) 
(7) 


For  the  ground  state  Sj  =  S£  =  3/2.  The  coupling  of  two  angular  momenta  of  3/2 
is: 


mmmmmmijmmm  em<*  immm  wmmmmPiMv*  mm 
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S  “  JSj  +  Sjl*  |Sj  +  S2  ■  1  I . I®1  ®2  i ' 

S  =  3,  2,  1,  0. 

So  the  energies  of  the  components  of  the  ground  state  manifold  are: 

EOpair  *  <S.ir  l«l  Vlr>  =  <*°‘l<+°2  lHl  *  H* 

-  ^ZiS2  -  Sj2  -  S22)  |*ol>|  4-02) 

=  Eq1  +  E02  -  J  [S(S+  1)  -  3/2  (3/2  +  1)  -  3/2  (3/2  +  1)) 

=  2EC  +  J  -  JS(S  +  1). 


(8) 


(9) 


The  first  two  terms  simply  shift  the  energy  level  without  splitting  it.  However, 
the  last  term  splits  the  ground  state  into  four  components.  Using  the  values  of  S 
from  Eq.  (8)  in  Eq.  (9)  shows  the  amount  of  splitting  to  be: 


AG  —  0,  J»  3J,  6 J, 


(10) 


For  ferromagnetic  coupling  J  is  positive  so  the  state  of  lowest  energy  is 
S  =  3.  For  antiferromagnetic  coupling  J  is  negative  and  the  S  =  0  state  has  the 
lowest  energy.  From  this  information  the  energy  levels  of  the  ground  state  mani¬ 
folds  for  ferromagnetic  and  antiferromagnetic  coupling  can  be  determined. 

In  thermal  equilibrium  the  population  of  a  level  is  given  by: 


nj  =  Ae 


-Ei/kT 


(ID 


If  several  levels  are  in  thermal  equilibrium  with  each  other,  we  can  write  equa¬ 
tions  similar  to  the  above  one  for  each  state.  There  is  the  additional  constraint: 


£  "i  =  N- 

From  this  we  can  evaluate  A. 

£  rE‘/KT  =  n 

N _ _  N 

-E^/KT  "  7  ’ 


(12) 


T  ’  i 
.'.  A  = 


(13) 
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Here,  we  M  Z  .£.’E‘/KT 
the  ith  state  is  then  given  by: 
-Ei/KT 

ni  -  *“z — N> 


partition  function.  The  population  dependence  of 


(14) 


For  the  two  types  of  coupling  the  partition  functions  are: 


Z,.n  5.-WKT  +  3«-M«T  ♦  e-6J/KT  . 
ZA.  1  *  j^-J/KT  +  5e-3J/KT  +  „-6J/KT 


05) 

(It) 


(where  the  coefficients  represent  the  statistical  weights  2S  +  1).  A  summary  of  the 
isotropic  exchange  splitting  and  temperature  dependence  of  the  level  populations  is 
given  in  Table  2  (Kisliuk  et  al. ,  1964). 


Table  2.  Couplings  of  Cr+3  Ions  in  Ruby  (Kisliuk  et  al. ,  1964) 


Antiferromagnetic  Coupling 

Ferromagnetic  Coupling 

HEXCH  s  j<Sj  •  s2) 

HEXCH  *  -J<S1S2> 

ZA  =  1  +  Se-J/KT  +  Be-^T  + 

Zp  =  7  +  5e-3J/KT  +  3e-5J/KT  +  e-6J/KT 

ENERGY  S  =  |S!  +  S2  |  TEMP  DEP 

ENERGY  S  =  [Sj  +  S2|  TEMP  DEP 

3  ^J/KT 

6J  0 

ZA 

ZF 

5J -  1  fi-5J/KT 

zF 

3J  2 

3J  z  .-««T 

ZA 

ZF 

J.  1  *t/KT 

ZA 

o -  o  -1- 

o -  3  -L 

ZA 

ZF 

(J  is  the  magnitude  of  the  coupling  parameter. ) 
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The  theoretical  considerations  discussed  above  were  used  in  conjunction  with 
experimental  work  done  by  several  groups  of  people  to  construct  energy  level  dia¬ 
grams  for  two  non -equivalent  types  of  pairs  and  to  assign  twenty-eight  lines  to 
specific  transitions  within  the  pair  systems.  Daly  attempted  to  use  monochromatic 
excitation  experiments  to  identify  the  transitions  giving  rise  to  satellite  lines 
(Daly,  1961).  He  excited  the  sample  with  monochromatic  light  of  variable  frequency 
and  monitored  the  fluorescence  at  a  specific  N  line.  Since  these  experiments  were 
performed  at  4*K,  the  fluorescent  transitions  were  assumed  to  originate  in  the  low¬ 
est  components  of  the  excited  state  manifolds  and  the  absorption  transitions  to  orig¬ 
inate  in  the  lowest  components  of  the  ground  state  manifolds.  Therefore,  fluores¬ 
cence  at  a  particular  frequency  was  observed  only  when  the  excitation  energy  was 
at  a  frequency  corresponding  to  a  transition  from  the  ground  state  to  some  compo¬ 
nent  of  the  excited  state  manifolds.  From  these  experiments  the  lowest  lying  com¬ 
ponents  of  the  metastable  states  and  the  various  components  of  the  ground  Btate 
manifolds  were  obtained  along  with  the  assignments  of  several  transitions.  The 
low  intensity  of  the  fluorescence  caused  these  measurements  to  be  made  with  slit 
widths  which  were  too  wide  for  good  resolution. 

Kisliuk  et  al.  (1964)  investigated  the  two  strongest  satellite  lines  by  measuring 
the  temperature  dependence  of  their  absorption  strength.  The  problem  then  was  to 
determine  the  values  of  J  for  the  ground  states  and  the  initial  levels  of  the  various 
absorption  transitions.  The  temperature  dependence  of  the  intensity  of  a  line  start¬ 
ing  from  level  Ej  is  the  same  as  the  temperature  dependence  of  the  population  of 
Ej  and  thus  is  given  by  Eq.  (14).  The  temperature  dependence  of  the  populations 
of  the  various  components  of  the  ground  state  were  plotted  for  ferromagnetically 
coupled  pairs  and  for  antiferromagnetically  coupled  pairs.  Some  of  these  curves 
could  then  be  fit  with  the  points  obtained  experimentally  by  assuming  specific  val- 
ues  of  J.  For  the  7009  A  (N2)  line  all  three  ferromagnetic  curves  gave  a  good  fit. 

The  S  =  3  antiferromagnetic  curve  also  fits  this  data.  Using  the  values  of  J  needed 
to  fit  these  curves  to  the  experimental  data,  energy  level  diagrams  were  constructed. 
The  tr  ansitions  predicted  from  these  diagrams  were  compared  with  those  seen  ex- 
perim  jntally  by  Jacobs  (1956).  Only  one  set  gave  a  good  fit.  This  fixed  the  value 

of  J  for  the  7009  A  line  and  determined  the  transitions  available  to  this  type  of  pair. 

•  "  ^ 

Thus,  the  7009  A  line  was  assigned  to  a  ferromagnetically  coupled  pair.  From  the 

wavelengths  given  by  Jacobs  an  energy  level  diagram  was  constructed  which  asso- 

_  • 

dated  three  other  lines  with  the  same  type  of  pairs.  The  7009  A  line  was  found  to 
terminate  on  an  S  =  1  level  35  cm*1  above  the  ground  state.  The  value  of  J  was 
found  to  be  7  cm*1. 

Similar  considerations  for  the  7041  A  (Nj)  line  showed  only  fair  agreement  with 
experiment.  Kisliuk  et  al.  (1964)  assigned  this  transition  to  an  antiferromagnetically 
coupled  pair  which  terminated  on  an  S  =  1  level  32  cm*1  above  the  ground  state  giv¬ 
ing  a  value  J  ■  32  cm-1  for  this  line. 
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Statz  et  al.  (1961)  used  paramagnetic  resonance  measurements  to  Investigate 
the  magnitude  of  the  coupling  exchange  field  for  various  types  of  pairs.  They 
found  that  J  ■  385  cm'1  for  the  first  nearest  neighbors,  J  =  1  cm'1  for  third  and 
fifth  nearest  neighbors.  The  second  nearest  neighbor  coupling  constant  could  not 
be  given  a  value.  The  fourth  neighbor  coupling  constant  was  uncertain  and  it  was 
suggested  that  the  coupling  might  be  ferromagnetic. 

Kisliuk  et  al.  (1964)  suggested  that  for  their  data  to  be  consistent  with  that  of 
Statz  et  al.  (1961),  the  7009  A  complex  should  arise  from  fourth  nearest  neighbor 
pairs  and  the  7041  A  complex  from  second  nearest  neighbors.  Some  work  on  the 
piezospectroscopic  effect  had  led  to  an  assignment  of  the  7041  A  line  to  the  sixth 
nearest  neighbors  (Kaplyanskii  and  Prevuskii,  1962).  However,  the  accuracy  of 
the  assignment  was  not  great  enough  to  preclude  the  fourth  nearest  neighbor 
assignment. 

After  extending  their  previous  investigations  to  4.  2*K,  Kisliuk  and  Krupke 
(1965)  made  a  new  assignment  for  the  7041  A  line  which  gave  a  closer  fit  with 
experiment.  They  also  showed  that  certain  lines  disappeared  from  the  absorption 
spectrum  at  4.  2*K  as  predicted  theoretically  from  the  temperature  dependence  of 
level  population.  Using  the  excitation  data  from  Daly's  (1961)  work  and  the  recur¬ 
rence  of  the  established  ground  state  energy  differences,  they  were  able  to  assign 
a  number  of  Jacobs'  lines  to  transitions  which  established  some  of  the  higher  levels 
of  the  excited  state  manifolds.  Improved  values  for  the  ground  state  splittings  were 
found  using  a  higher  order  term  in  the  exchange  Hamiltonian  (Kisliuk  and  Krupke, 
1963).  This  biquadratic  term  is  J (Sj  •  S2)2  where 

j  *  0.02J.  (17) 

From  this  data  the  7041  A  line  was  found  to  terminate  on  an  S  =  2  level  with 
J  =  11  cm"1  which  was  32.  7  cm"1  above  the  ground  state.  The  transition  was 
still  thought  to  arise  from  an  antiferromagnetically  coupled  pair  of  second  nearest 
neighbors.  Kisliuk  and  Krupke  (1965)  pointed  out  two  erroneous  assignments  of 
lines  in  the  first  paper  (Kisliuk  et  al. ,  1964),  The  7120  A  line  was  found  to  be 
present  at  low  concentrations  and  thus  thought  to  be  a  vibronic  transition.  The 
7024,  5  A  absorption  line  was  found  to  disappear  at  4.  2*K.  Since  it  was  assigned 
to  a  transition  originating  in  the  ground  state,  it  should  have  been  present  even  at 
liquid  helium  temperatures.  They  suggest  that  this  might  be  a  vibronic  transition 
very  near  to  a  forbidden  electronic  transition. 

Recently,  Mollenauer  (1965)  used  the  results  of  piezospectroscopic  studies  to 

identify  lines  belonging  to  first  and  third  nearest  neighbors.  They  were  found  in 

•  • 

the  region  of  the  spectrum  between  7150  A  and  7550  A.  These  pairs  were  both 
found  to  be  antiferromagnetically  coupled  with  J  values  of  18  3,5  cm'1  and 
46  cm'1  for  first  and  third  nearest  neighbors,  respectively. 
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From  the  above  considerations,  we  are  led  to  a  physical  model  of  a  heavily- 
doped  ruby  crystal  which  consists  of  a  sapphire  lattice  in  which  there  are  two 
types  of  optically  active  centers.  One  type  consists  simply  of  a  single  Cr+3  ion 
normally  found  in  lightly  doped  ruby  and  the  other  type  of  an  exchange  coupled 
pair  of  Cr+3  ions.  These  two  types  of  optically  active  centers  give  rise  to  differ¬ 
ent  systems  of  energy  levels.  It  is  possible  for  the  two  types  of  systems  to  be 
coupled  by  some  interaction. 

It  is  well  known  that  the  single  ion  R  lines  are  pumped  through  the  Y  and  U 
bands.  The  pair  lines  also  seem  to  be  excited  in  the  same  way.  However,  it 
appears  that  there  is  another  excitation  mechanism  active.  This  mechanism  is 
the  transfer  of  energy  from  the  single  ion  system  to  the  pair  systems. 

As  mentioned  previously,  the  greater  than  linear  increase  of  the  intensity 
ratios  of  pair  lines  to  single  ion  lines  was  attributed  to  energy  transfer  from  sin¬ 
gle  ion  to  pairs  (Schawlow  et  al. ,  1959;  Tolstoi  and  Abramov,  1963).  Wieder  and 
Sarles  (1961)  verified  the  hypothesis  of  energy  transfer  by  exciting  a  red  ruty 
with  an  R1  laser  pulse  and  observed  the  fluorescence  in  the  Nj  and  N£  lines. 

The  mechanism  of  coupling  of  the  single  ion  and  pair  systems  was  not  determined. 
Recently  Imbusch  (1966)  investigated  this  energy  transfer  by  measuring  the  fluo¬ 
rescence  lifetimes  at  the  R  and  N  lines.  His  results  are  discussed  further  in 
Section  10. 

One  further  feature  of  the  spectrum  of  heavily  doped  ruby  should  be  mentioned. 
An  absorption  band  was  observed  by  Linz  and  Newnham  (1961)  on  the  high  energy 
side  of  the  Y  band  which  varies  in  intensity  with  the  square  of  the  concentration. 
Naiman  and  Linz  (1963)  conclude  from  their  investigations  that  in  this  case  the  pair 
coupling  is  not  due  to  an  exchange  interaction  but  rather  to  the  transfer  of  an  elec¬ 
tron  from  one  of  the  chromium  ions  to  the  other,  forming  a  d^  -  d*  complex. 


3.  DYNAMIC  CONSIDERATIONS  OF  A  FLUORESCENT  SYSTEM 

Transitions  between  the  various  energy  levels  of  the  fluorescent  system  are 
now  discussed.  These  various  processes  are  due  to  the  fact  that  the  ion  finds  it¬ 
self  in  the  presence  of  two  fields  of  energy,  the  photon  field  (external  electromag¬ 
netic  radiation)  and  the  phonon  field  (thermal  vibrations  of  the  crystal  lattice).  The 
ion  interacts  with  the  electromagnetic  radiation  by  abso.  jing  (or  emitting)  a  quantum 
of  energy  from  the  photon  field.  This  is  accompanied  by  a  transition  of  the  ion  to  a 
higher  (or  lower)  electronic  state.  The  ion -lattice  interaction  gives  rise  to  similar 
processes  except  that  the  absorption  (or  emission)  of  phonons  corresponds  to  energy 
changes  in  the  vibrational  state  of  the  ion.  The  lattice  vibrations  present  can  be 
either  normal  modes  of  the  lattice  or  local  vibrational  modes.  The  total  system  to 
be  treated  now  consists  of  the  fluorescent  ion  plus  the  phonon  field  plus  the  photon 
field. 
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11  Dsrivatlea  •(  the  Haallloaiaa 

The  probability  per  unit  time  for  varioua  transitions  can  be  theoretically  pre¬ 
dicted.  The  Hamiltonian  for  the  total  system  can  be  written  as 


H  ■  H  +  H _ +  H 

o  era 


latt 


♦  H“  ♦  H 


■IV 

inf 


06) 


The  expression  H0  includes  terms  for  the  electron  momentum,  the  scalar  elec¬ 
tric  potential,  the  crystal  field,  and  the  spin  orbit  perturbation.  H^att  and  Hem 
are  the  Hamiltonians  representing  the  phonon  and  photon  fields,  respectively. 
The  interaction  Hamiltonians  for  ion-phonon  ai  d  ion -photon  interactions  are 

C  “d  "ft  • 


3. 1 . 1  THE  PHOTON  FIELD 

If  we  consider  a  single  electron  ion  in  an  electromagnetic  field,  the  Hamiltonian 
for  the  electron  is 


H  *  -L-  (p  -  A  J)2  +  e  4> 

2  m  c 

H  ■  -E^.  +  e*  -  — S_  (p  •  X+  X  ■  p)  +  A2 . 

2  m  2  me  2  me2 

But, 

p.A*.*V.(A*).|A.V+ti*7.A-A.  fv*.  A-p  + 
(using  the  Coulomb  gauge).  Therefore, 


H  =  iiL+  •  +  f^L. 

2  m  me  2  rac‘ 


So,  for  an  ion  with  one  valence  electron  in  a  crystal, 


Ho  *  2in  +  +  ^crystal  +  ^so 


and 


,IE 


H w  “  -  X  •  P  +  r  • 
int  mc  2  me2 


(19) 


(20) 


(21) 


(For  a  many  electron  ion,  we  must  sum  over  all  the  electron  coordinates. ) 

Next,  the  Hamiltonian  of  the  electromagnetic  field  itself  must  be  determined. 
Starting  with  Maxwell's  equations,  this  can  be  done  in  the  usual  way.  Using  a 
Coulomb  gauge  gives  two  expressions  governing  the  vector  potential. 


V- £  -  0. 


(22) 


(23) 


Imposing  cubic  periodic  boundary  conditions  and  assuming  factored  solutions  of 
the  form 

Aq  (?,  t)  =  qQ  (t)  Xa  (?) ,  (24) 

we  can  separate  variables  in  Eq.  (23) 


or, 


qtt  +  V 

2 


•y  J  __  u  4  a  a, 

V  +  S'  Aa®  8  0 


(25) 


The  first  of  Eqs.  (25)  is  simply  the  harmonic  oscillator  equation.  The  second  is 
the  equation  for  a  particle  in  a  box.  These  have  solutions  of  the  form 


%  8  |Oe'iWflrt 


AaCr  )=*eiK«>r 


(26) 


or, 


*«<*> 


A 


4»c' 


iK, 


(27) 


where  the  boundary  conditions  have  been  used. 
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, 


V  "•  unit  vector  in  the  direction  of  polarization, 
K  «*  propagation  vector  ^|K|  =  ifa. 


Thus, 


&a  (r,  t)  =  |qa|  e^0  "ftt>  .  (28) 

Since  V*  X  ■  0,  we  find  I?  *  0.  Therefore,  the  waves  are  transverse.  Allow¬ 
ing  negative  values  of  K  and  w,  the  general  expression  for  X  (r,  t)  becomes 

A(r,  t)  ■  £  [q(t)X(r)+  q*(t)  A*(r)]  ,  (29) 

pol,  a 

V/-*  »  /*  *c2  /\  fid^-r-wt)  -i(l?  ■  r  •  u  t)| 

A(r,t)  =  E  qe  v  e  a  a  +  e  a  a  I  .  (30) 

v  v  pol,  a  '  1  L 


8  ■ 

E  =  ii±[qi(?)  -  q*  1*  (r)]  . 

The  Hamiltonian  for  the  radiation  field  is 
Hem=^/<E2+  h2>  dr  =  ±.Je*  dr  . 

With  (31),  this  becomes 

x (v  **«-**,<*)}* 


But, 


17 


Thus, 


H  =  -  — ^ — »  £  u  w  ,  f  \( qq^,  A  ■  A  ,  +  q*q*  A*  •  A*.^ 

em  4 ire2  a.aCpol  «  <*]  j\  a  of  a  *  a Hof  a  of) 

-  A0-  A*.  +  q^q^i  A*  .  %J)  jdr  , 

Hem  =  bi“«  2q«Q*  4irc2' 


Hem  =  2 


«£ol  “«  q®q«‘ 


(32) 


This  can  be  put  in  the  form  of  a  harmonic  oscillator  Hamiltonian  by  the  follow¬ 
ing  change  of  coordinates 


Qa  =  + 

P a  =  Qa  s  ~  uo  "  ‘lo) 


(33) 


Then, 


q«  ”i(Q*  ‘  ri;p«) 

q“  •  2  (Q«  *  P«) 


(34) 


So, 


Hem  =  i£(pi  +  -«*)• 


(35) 


This  classical  Hamiltonian  can  be  taken  into  quantum  mechanics  by  means  of 
the  relationship  between  commutators  and  Poisson  brackets.  The  expressions  in 
Eq.  (34)  for  qtf  and  q£  can  now  be  expressed  in  terms  of  the  creation  and  destruc¬ 
tion  operators  for  the  quantum  mechanical  oscillator, 
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Substituting  these  expressions  into  Eq.  (32)  gives: 

The  ion-photon  interaction  Hamiltonian  can  also  be  written  in  terms  of  the 
creation  and  destruction  operators  by  us'.ig  Eqs.  (27),  (29),  and  (36)  in  Eq.  (21) 


=  Hj  +  H2.  (38) 


The  creation  and  destruction  operators  have  the  following  well-known  properties: 


a  |n^=  •Jn  |n-l  ) 
a+|n^*  *7n+  1  ln+  l) 

(  n  |  a+  a  I  n  )  =  n  » 
(n-1 1  a  | n )  =  oTn 
(n+  l|  a+|n  ^  =  \l n+  1 


(39) 


3. 1 . 2  THE  PHONON  FIELD 

Next  we  must  account  for  the  presence  of  the  phonon  field.  The  treatment  is 
similar  to  that  of  the  radiation  field.  The  Hamiltonian  for  the  lattice  vibrations 
can  be  derived  in  the  standard  way  (see,  for  example,  Bak,  1964).  The  atoms  in 
the  lattice  vibrate  about  their  equilibrium  positions.  Since  the  atoms  are  bound 
to  each  other,  their  vibrations  are  strongly  coupled.  The  problem  is,  thus,  to 
find  solutions  in  terms  of  normal  modes  and  normal  coordinates  of  the  lattice, 
that  is,  to  uncouple  the  3N  components  of  the  vibrations. 

Consider  a  lattice  with  basic  vectors  aj,  a2,  and  a 3.  The  position  of  an  ion 
in  the  lattice  is  given  by 


rn  °  nlal  +  n2®2  +  n3a3 


where  the  nj  are  integers.  Assume  that  the  crystal  has  one  atom  per  unit  cell  and 
contains  N  =  Nj  •  N2  •  N3  cells,  where  Nj  is  the  number  of  cells  in  direction  a, 
and  so  forth. 

In  the  harmonic  approximation,  only  the  quadratic  term  is  retained  in  the  ex¬ 
pansion  of  the  potential  energy  about  the  equilibrium  position.  Therefore,  consid¬ 
ering  the  interatomic  forces  as  being  proportional  to  the  relative  displacements  of 
the  atoms,  we  can  write 

N  3 

T  =  1  m  E  E  U? 

2  1  =  1  a=\  ia 


N  N  3  3 

v=4-EEEEa, 


2  i=l  j=l  0=1  0=1  xa  JP 


where  Uia(t)  is  the  displacement  of  the  ith  atom  in  the  a  direction  at  time  t,  and 
the  Aj^  :  j  are  constants  describing  the  interatomic  forces.  Thus,  the  Hamiltonian 
for  the  lattice  is 


N  3 


N  N  3  3 


H  -  T  *  v  =  ife  &  £  "f. +  i  1?,  jS  ««> 


where  pia  =  mUltt. 

We  now  introduce  the  complex  normal  coordinates  with  the  following  trans¬ 
formations 

Ultt  =  -±E  Qq^aetf-*i,  (4 

ia  n/nS  qX  q  qor 


where  q  ranges  from  1  to  N,  X  ranges  over  the  different  branches.  But, 

=  <^* ,  so  the  coordinates  associated  with  4  and  -1}  are  not  independent. 

In  order  to  deal  with  only  the  3N  independent  real  coordinates,  Eq.  (42)  can  be 
rewritten  as 


■JNni  q >0 


-'»r*v*i*'*w*r*I> 


Equation  (42)  can  now  be  substituted  into  Eq.  (40)  to  express  the  kinetic  and 
potential  energy  in  terms  of  the  normal  coordinates.  The  kinetic  energy  becomes 
(Kittel,  1963):* 


T  si 
2 


£|*(£  4.  •»-")| 

r  IT  AX  AN  i(q  +  q').ri  \  x!  ( 

l  «  I  q.x  ^  eq«v.| 


cqo  eq'ar 


2  ^q  ^q1  6q',-q  £  eq»  €q'c 
q.X  a 

q'.X 


■  i  Jr*.  ^  *•! 

if 

r.xL<^eq. 


Similarly, 


•  -l  £  f,  --»*(£ «!  «*  <>-”j 

"  2  Ua  q,\  q-V  ^  Fj)QqQq'  *1°  «i'0 


But,  we  can  write 


e«Ml. 


Therefore, 


v  -i  r  r  Eire  a(ai  ,x 

v  2  ta  q.X  qTV  N  j?  Qq  Qq’  €q“  ^ 

=  2  ^  ^  5  °a/3  ^  6q’*q  Qq  Qq'  Cq0,  €q'^ 

4  q.X  q'.X  a  p 

*The  orthogonality  relations  used  in  this  development  are  derived  in  the 
first  section. 
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-i  E 

2  q.: 


A  v  ?  [/§*  Gfl,0  ('q,)  *-*>0]  €q°Qq  Q-q 


a  r  r  r  2  £*  £x  Qx 

2  q  X  X  a  qW  C  qa  Eqa  ^q  ^q 


S  1  r  V  w2  6  QX  Q 
2  "  “  ax'  x  v  ■ 

q,X  X!  q*  q 


V  s  1  7*  w2  QX  QX 

2  £x  “qX  Qq  Q-q  * 


X  QV 

q  -q 


where 


£  (-5) 


wqV  c-q» 


1  rr  .  +iq.(fi-?1)  x; 

*  i  y  *1  a‘».m e  J  £-tf  • 


The  Lagrangian  for  the  system  is 


L  s  T  -  V  =  4  F  6X  <bx  -If  w2,  QX  oA 
2  n  x  q  ^  2  qX  wq  ^-q  • 

q.x  q,X 


Thus,  the  momentum  conjugate  to  QX  is 
pX  =  8L .  =  Ax  -  pA 

q  0Q$  Q'q  '  -q  • 


The  Hamiltonian  is  given  by 


H  -  E  -  L 


1  r  pa  Px+ir  w2  qa  qa 

2  ^  -q  *q  2  wqX  *-q  yq 


■  i  L  K  P«  *  “« Qi  <)• 


1 
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In  quantum  mechanics,  p£  and  Q*  become  non -Hermitian  operators  and  the 


Hamiltonian  can  be  written  as 


H  ^  <  <)■ 


(51) 


The  usual  creation  and  destruction  operators  can  be  formed 

■■■  <  ■  ^ 1 (b<  *  <)■ 

{<-<)■ 

These  operators  have  the  same  properties  as  the  a*  and 

>4k)  -  I* Fk->> 


Thus, 


H 


?  h  v  «  i)- 

q.x 


(52) 


(53) 


(54) 


(55) 


(56) 


(57) 


Finally,  the  ion -phonon  interaction  Hamiltonian  mus'  be  determined.  Substi¬ 
tuting  Eq.  (54)  into  (42)  gives  the  displacement  of  the  atom  from  its  equilibrium 
position  in  terms  of  bX  and  bX+  . 


Uj  =  pL  £  -fas  e^'?i  (bX  +  bxM 
ia  ^2Nm  q,x  Vq  'q/ 


0.  .  -0=  [HU  e15'*!  b*  ♦  /  e-^fl  b*). 

ia  q,x  JIZ^  \qa  q  q*  q  / 


The  ion -phonon  interaction  takes  place  through  the  change  in  the  crystal  field 
due  to  the  change  in  the  relative  positions  of  the  active  ions  and  their  surrounding 
ligands.  This  is  proportional  to  the  local  strain  defined  by  the  tensor 


(a,  0  =  1,2,3) 


If  we  assume  that  this  tensor  can  be  approximated  by  an  average  strain 


ill . 
3X 


Then,  from  Eq.  (58)  we  find 


x=o 


The  expansion  of  the  crystal  field  in  terms  of  the  strain  is 

Crystal  =  M>  +  V1  *  +  V2*2  +  •••  •  <62> 

Here,  V0  is  the  1^^^  term  in  Eq.  (20).  Terms  Vi  and  Vjj  are  functions  of 
the  electrons  on  the  magnetic  ion  and  of  the  relative  distances  between  the  ion  and 
che  ligands.  Thus, 

Htot  "  V1  *  +  V2  +  •  '  ’  •  <63> 


Therefore,  using  Eqs.  (20),  (21),  (37),  (57),  (62),  and  (63),  we  can  write  out 
(18)  explicitly  as 


'  •  >  'j 

0  -  (i 

a*  *iM 


<3  W 
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H  ■  £  ♦  •♦  ♦  vo  ♦  H»  ♦  .£,,  h(^*  '«)  *  j[J  *«w  (C 

•£*  ’♦■?&  *‘V'S®  M) 

■v'^  7^7  ^  M)  (^  * b5 )  -  ' 


bq  ♦  1/2 


) 


(64) 


The  wave  function  of  the  total  system  can  be  written  as 

*  =  k®1)  |ni)  |n2)  ...  |nq)  •••  |n'i)  |n'2)  ...  |n'2)...,  (65) 

where  nj  are  phonon  occupation  numbers  and  n'j  are  photon  occupation  numbers. 
The  transition  probability  per  unit  time  (Golden  Rule  of  time-dependent  perturba¬ 
tion  theory)  is: 

W  =  ^  |M|2  Pf  (Ef  =  Ej).  (66) 

where  M  is  the  transition  matrix  element  and  pj  (E)  is  the  density  of  final  states. 

3.2  Transition  Probabilities 

3.2.1  ELECTRONIC  TRANSITIONS 

The  probability  for  electronic  transitions  can  be  determined  by  first  finding 
the  matrix  elements  of  Hj®  .  From  the  properties  of  the  creation  and  destruction 
operators  given  in  (39)  it  is  obvious  that  the  matrix  elements  for  the  emission  and 
absorption  of  photons  are 


^emission  =  < *f  |  H™  |  *j)  =  (+fel;  n^  +  1  | Hj  |  +*1; 


In  order  to  find  the  transition  probabilities  per  unit  time  the  density  of  final 
states  must  be  determined.  Using  the  boundary  conditions  imposed  previously  in 
obtaining  an  expression  for  Aq  the  density  of  final  photon  states  is  just  (see  for 
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example  Griffith,  1061), 

p (vk)  =  V 


(69) 


To  evaluate  transition  probabilities,  Eq,  (66)  is  used  with  the  matrix  elements 
from  Eqs.  (67)  and  (68)  and  the  density  of  states  given  in  Eq.  (69).  This  must  be 
summed  over  polarization  and  integrated  over  all  angles. 

To  evaluate  the  matrix  elements  in  Eq.  (67)  and  (68)  the  exponential  functions 
are  expanded.  The  first  term  in  the  expansion  is  the  electric  dipole  term.  The 
second  term  gives  the  magnetic  dipole  and  electric  quadrupole  contributions. 
Higher  order  terms  are  usually  neglected.  Let  us  now  consider  the  electric 
dipole  interaction.  The  ionic  matrix  element  can  then  be  written  as 


<*fel  I  *•«&  i  +r‘> 


dipole 


But 


I  t  I  +?)  ■  K-  E,)'1  (*?  I  K„  t  -  r  Hion)|  +?1) 


2m 


1  A 

—  pc  r 

2m 

2m 

f-*2  -*1  I 

,el\ 

[p  •  rJ  1 

/ 

m 


<*?  I  *  I  *?> 


Using  this  the  dipole  matrix  element  becomes 


where 


“K  < 

1  j  ?  ■  *K  |  dipole  , 

(70) 

“K 

=  Ef  ~  Ei 

K 

Again,  for  a  many  electron  ion  it  is  necessary  to  sum  over  all  electron  coordinates. 
Thus,  the  dipole  interaction  operator  is  given  by 


^  e?i- 


(71) 
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An  electric  multipole  operator  of  order  i  has  associated  with  it  an  orbital 
angular  momentum  of  ifi.  For  conservation  of  angular  momentum  +  i. 

So.  for  the  electric  dipole  operator  (f  -  1),  AJ  =  *  1,0.  (Note,  however,  that 
both  Jf  and  Jj  cannot  be  identically  zero.)  For  Russell -Saunders  coupling  the 
"multiplicity  selection  rule"  requires  that  S  and  Ms  must  be  the  same  for  the 
Initial  and  final  states.  In  this  case  A  L  =  ±1,0.  Also,  since  the  electric  dipole 
operator  is  an  odd  function,  the  initial  and  final  states  must  have  different  parity 
for  the  integral  not  to  vanish.  This  is  called  the  "Laporte  selection  rule. " 

Transitions  that  have  nonvanishing  electric  dipole  matrix  elements  are  called 
allowed  transitions.  All  other  transitions  are  called  iv  rbidden.  Forbidden  tran¬ 
sitions  may  occur  due  to  higher  order  multipole  operators.  They  are  much  weaker, 
however,  than  allowed  transitions. 

When  the  ion  is  in  a  crystal  field  environment  the  multiplicity  selection  rule 
is  still  valid.  The  Laporte  forbidden  transitions  may  become  partially  allowed, 
however,  through  the  mixing  of  orbitals  with  different  parity.  Since  the  transitions 
observed  in  ruby  involve  the  rearrangement  of  the  electrons  in  their  orbitals, 
they  would  be  Laporte  forbidden  in  the  free  ion. 

The  selection  rules  for  transitions  between  different  crystal  states  can  be 
found  from  group  theory.  The  representation  of  the  multipole  operator  in  the 
spherical  rotation  group  is  reduced  in  terms  of  the  representations  of  the  crystal 
field  group.  Then,  because  of  the  orthogonality  of  wavefunctions  denoted  by  differ¬ 
ent  representations,  the  product  representation  of  the  operator  and  the  initial  state 
must  contain  the  representation  of  the  final  state  for  the  matrix  element  to  be  non¬ 
zero.  The  electric  dipole  operator  is  represented  by  Dju  in  the  rotation  group  and 
will  transform  like  x,  y,  or  z  depending  on  the  direction  of  polarization.  All  three 
of  these  belong  to  the  Tj  representation  of  the  group. 

Wl'  jn  a  trigonal  field  is  present  as  in  ruby  the  symmetry  group  which  is  relevant 
to  the  selection  rules  is  C3v.  In  this  group  z  belongs  to  Aj  and  x  and  y  belong 
to  E.  The  product  representations  of  the  C3v  group  and  their  reduction  into  irre¬ 
ducible  representations  are  shown  in  Table  3.  For  dipole  radiation  polarized  par¬ 
allel  to  the  c  axis,  transitions  can  occur  between  states  whose  product  representa¬ 
tion  includes  the  A]  irreducible  representation.  For  polarization  perpendicular 
to  the  c  axis,  the  allowed  transitions  are  those  whose  product  representation  con¬ 
tains  the  E  irreducible  representation.  The  results  are  tabulated  in  Table  4. 

3.  2. 2  RADIATIONLESS  DECAY 

Consider  first  the  direct  (or  single  phonon)  process.  The  system  then  consists 
of  the  ion  and  the  lattice  vibrations  and  can  be  represented  by  a  product  state  func¬ 
tion  including  an  ion  part  and  a  phonon  part  (neglecting  the  influence  of  the  inter¬ 
action).  Substituting  this  along  with  the  ion -lattice  interaction  part  of  Eq.  (64)  into 
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Table  3.  Cjy  Product  Representations 


C3v 

E 

E 

c3.c32 

c3,c32 

3ov 

35v 

A1 

1 

1 

1 

z 

A2 

1 

1 

-1 

E 

2 

-1 

0 

x,y 

El/2 

2 

-2 

1 

-1 

0 

0 

E3« 

1 

-1 

-1 

1 

i 

-i 

E3/2 

1 

-1 

-1 

1 

-i 

i 

A1  A1 

1 

1 

1 

A1 

A1  A2 

1 

1 

-1 

A2 

A!  E 

2 

-1 

0 

E 

A1  A2 

1 

1 

1 

A1 

A2  E 

2 

-1 

0 

E 

E  E 

4 

1 

0 

Aj+ A 2+ E 

E 1/2  E3/2 

2 

2 

-1 

-1 
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Table  4.  C3y  Selection  Rules 
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Eq.  (66)  gives 

w  airl(flvi€+  v2c2  +  ---li)|2  p(Ef  =  Ei)* 


where  E^  and  E^  include  both  the  energy  of  the  ion  and  of  the  phonons. 
The  direct  processes  are  represented  by  the  following  diagram: 


Only  the  first  term  in  the  expansion  of  the  interaction  Hamiltonian  contributes  to 
these  processes.  Thus,  the  transition  probability  per  unit  time  for  absorption  of 
a  phonon  of  wave  vector  q  can  be  written  as 
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Similarly,  for  a  single  phonon  emission  process 


w  = 


IT  <j>r 


(v  *)l  (*?  I  vi|  *?)  | 2  p(EfsEi)- 


M 

The  density  of  final  states  for  these  processes  is  given  by 
p(Ef  =  Ei)=  p(Ef)  6(Ef-El)  d  Ef 

0(Ef1)  p(EPhon)  p  [(Efel+  EPhon)  -  (Ef1^  EPhon)jdEfel  dEfPhon 

=  £  -  ur)  P  (wq)  6  [“If  ■  wq  ]  d  “fi  d  wq 


q  ’ 


where 


el 

CO,  „  =  ■  — *  -  * 

if  ft 


-  u>r^  =  normalized  line  shape  ~  6  fi  ’  "r)  ’ 

ur  =  central  frequency  of  the  transition. 

In  the  Debye  approximation  the  density  of  phonon  states  is  (Kittel,  1956) 


P  (to)  =  -3  Y.U  .  when  u  <  wn  , 
2i2v3  u 

p  (to)  =  0  when  w  >  wD  . 


(73) 


(74) 


(75) 


(76) 


The  occupation  numbers  for  the  phonon  states  are  given  by  (Orbach,  1962) 


nq  = 


*a,q/KT 


(77) 
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The  total  transition  probability  for  the  emission  or  absorption  of  a  single  phonon 
can  be  found  by  substituting  Eqs.  (74),  (76),  and  (77)  into  Eqs.  (72)  or  (73)  and 
integrating  over  and  Because  of  the  delta  functions  the  results  can  be 
immediately  written  as 
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w“  '  (777k)  |  1  v> 1  +>‘  > 
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(79) 


Equations  (78)  and  (79)  depend  on  temperature  only  through  the  phonon  occupation 
numbers  nr  which  are  given  by  (77).  They  can  be  expressed  as  a  constant  times 
a  temperature  dependent  factor. 
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Ii  the  distance  between  energy  levels  is  greater  than  KT^,  radiationless  decay 
can  take  place  only  by  the  emission  of  more  than  one  phonon.  These  higher  order 
processes  can  be  treated  by  higher  perturbation  theory.  Thus  the  probability 

lor  multiphonon  processes  to  occur  decreases  as  the  number  of  phonons  involved 
increases.  The  calculation  of  transition  probabilities  for  multiphonon  processes 
is  complicated  by  the  numerous  methods  of  phonon  decay  connecting  two  levels, 
that  is,  different  numbers  of  phonons  may  be  involved  as  long  as  their  total  energy 
sums  to  the  energy  gap  between  levels.  In  general,  multiphonon  processes  give 
negligible  contributions  to  the  thermal  dependence  of  the  width  and  position  of  sharp 
fluorescence  lines.  Some  specific  two-phonon  processes  are  important,  however, 
and  are  considered  in  detail  in  Section  3.  3. 


3.2.3  VIBRONIC  TRANSITIONS 

The  fluorescence  spectrum  of  a  magnetic  ion  in  a  host  crystal  is  characterized 
by  sharp,  intense  peaks.  On  both  sides  of  these  lines  are  wide  bands  displaying  a 
distinct  structure  of  less  intense  and  broader  peaks.  The  former  lines  are  due  to 
purely  radiative  transitions  while  the  latter  are  due  to  phonon  assisted  transitions 
called  '' vibronics. "  The  vibronics  on  the  high  energy  side  of  the  no-phonon  line  are 
assigned  to  processes  involving  phonon  annihilation.  Those  on  the  low  energy  side 
correspond  to  phonon  creation  transitions.  Because  of  the  nature  of  these  transitions 
the  vibronic  structure  of  the  spectra  exhibits  specific  characteristics  (especially 
temperature  dependence)  which  makes  it  possible  to  identify  and  stucfy  these  processes. 
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Vibronics  may  also  be  observed  in  absorption  spectra.  In  this  case  che  high 
energy  vibronics  correspond  to  the  emission  of  a  phonon  along  with  the  absorption 
of  a  photon  while  the  low  energy  vibronics  are  due  to  the  concurrent  absorption  of 
a  phonon  and  a  photon.  This  is  just  the  opposite  of  what  is  seen  in  the  fluorescence 
spectra, 

*  \ 

Consider  the  transition  in  which  a  photon  of  frequency  and  polarization  ir^ 

is  created  along  with  a  phonon  of  frequency  .  Since  the  first  order  operators 

hJVa  and  hJE.  cannot  connect  the  initial  state  with  the  proper  final  state  in  a  fir3t 
int  int 

order  treatment,  second  order  perturbation  theory  must  be  used. 

The  Feynman  diagrams  which  represent  this  second  order  process  are: 


I 


Since  the  intermediate  states  of  the  system  are  virtual  states,  energy  need  not  be 
conserved  except  when  considering  the  entire  system  before  and  after  the  complete 
transition.  The  sum  over  j  includes  all  possible  states  of  the  system. 

For  the  low  energy  emission  vibronics,  second  order  perturbation  theory  gives 


The  only  terms  in  the  interaction  Hamiltonian  for  which  there  are  non -zero  matrix 
elements  of  this  form  are: 


(84) 


! 


i 


i 


»-ir 


32 


where  the  second  term  in  Eq,  (83)  is  neglected  since  v ^  .  Similarly  the  ma¬ 

trix  elements  for  the  high  energy  emission  vibronic  transitions  (creation  of  a  photon 
plus  absorption  of  a  phonon)  have  the  form: 


(85) 


The  matrix  elements  given  in  Eqs.  (84)  and  (8  5)  can  be  used  with  the  density  of 
final  states  given  in  the  last  section  and  the  Golden  Rule  to  determine  the  pioba- 
bility  for  vibronic  processes, 

Since  they  involve  phonons,  vibronic  lines  will  be  strongly  temperature  de¬ 
pendent.  At  low  temperatures  there  will  be  fewer  phonons  available  for  the  ion  to 
absorb.  Thus,  the  intensity  of  the  vibronics  on  the  high  energy  side  of  the  emission 
no-phonon  line  will  decrease  with  temperature  and  will  finally  disappear  entirely. 

At  higher  temperatures  there  should  be  a  high  energy  vibronic  line  corresponding 
to  each  low  energy  line.  As  temperature  is  increased,  the  integrated  intensity  of 
the  vibronic  bands  is  strengthened  relative  to  the  pure  electronic  transition  line. 

The  intensities  of  the  vibronic  lines  are  increased  due  to  the  greater  perturbation 
of  the  phonon  field.  The  wavelength  range  of  the  bands  is  greater  because  the 
abundance  of  phonons  in  the  field  allows  multiphonon  processes  to  occur. 


3.3  Thermal  Dependence  of  the  Position,  Width,  and  Shape  of  Sharp  Spectral  Lines 

Since  transitions  between  electronic  states  take  place  at  a  specific  frequency, 
it  would  seem  that  experimental  spectroscopic  data  should  appear  as  vertical 
straight  lines  at  discrete  frequencies.  Even  under  the  most  ideal  conditions, 
however,  where  no  perturbations  are  present  the  spectral  lines  will  have  a  cer¬ 
tain  frequency  distribution.  This  is  due  to  the  uncertainty  principle  for  time  and 
energy  and  is  called  the  natural  linewidth.  Since  each  excited  level  has  a  finite 
lifetime,  it  must  also  have  a  finite  energy  width  and  thus  a  frequency  distribution 
associated  with  it.  The  lifetime  of  the  metastable  state  in  ruby  is  about  three 
milliseconds.  The  lifetime  broadening  should  be  proportional  to  l/r^.  The  ob¬ 
served  linewidth  is  much  greater  than  1/r*,  however,  and  is  temperature  depend¬ 
ent.  There  are  several  causes  of  line  broadening.  They  can  be  divided  into  two 
categories,  those  which  produce  a  Gaussian  line  shape  and  those  which  produce  a 
Lorentzian  line  shape. 
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A  Gaussian  curve  is  the  superposition  of  a  great  number  of  independent  events 
with  random  probabilities  of  occurrence.  A  spectral  line  is  in  this  case  the  super¬ 
position  of  a  great  number  of  individual  lines.  Each  individual  line  has  a  certain 
frequency  distribution  and  a  slightly  different  central  frequency  due  to  the  different 
environments  at  the  instant  of  the  transition.  The  difference  in  the  local  environ¬ 
ment  is  attributed  to  internal  microscopic  strains  in  the  crystal  which  produce  a 
spatially  random  distribution  of  the  effective  crystal  field  strength  at  the  ion  site. 

A  similar  effect  takes  place  in  gases  where  the  Doppler  effect  also  produces  a 
Gaussian  line. 

A  Lorentzian  curve  arises  from  the  superposition  of  a  great  number  of  inde¬ 
pendent  events  each  with  the  same  probability  of  occurrence.  In  gases  a  mechanism 
which  gives  a  Lorentzian  shape  is  the  collision  between  two  atoms.  The  probability 
for  a  specific  atom  undergoing  a  collision  with  another  atom  is  the  same  for  all 
atoms.  This  is  called  collision  broadening.  The  comparable  effect  in  solids  is  the 
interaction  of  the  active  ion  with  thermal  vibrations  of  the  lattice.  Here  again  the 
interaction  between  a  single  ion  and  the  lattice  vibrations  is  the  same  for  all  ions. 

The  observed  spectral  line  will  be  broadened  simultaneously  by  Gaussian  and 
Lorentzian  processes.  The  observed  line  shape  will  be  a  superposition  of  the 
Gaussian  and  Lorentzian  shapes.  Mathematically  this  is  expressed  as  the  convolu¬ 
tion  of  the  probability  densities  for  Gaussian  and  Lorentzian  curves  and  the  result¬ 
ing  line  shape  is  called  a  Voigt  profile. 

Assuming  that  the  microscopic  strains  are  independent  of  temperature,  the 
temperature  dependent  part  of  the  broadening  of  a  spectral  line  of  an  ion  in  a  crys¬ 
tal  is  due  to  the  ion -lattice  interaction.  The  width  of  a  line  is  the  sum  of  the  widths 
of  the  initial  and  final  states  of  the  transition.  The  contribution  to  the  linewidth  of 
a  specific  type  of  process  is  proportional  to  the  probability  of  occurrence  for  that 
process.  The  probabilities  for  direct  processes  have  already  been  derived.  One 
of  the  most  important  broadening  processes  is  the  two  phonon  Raman  process.  The 
probability  for  this  type  of  process  will  now  be  derived. 

Raman  scattering  is  the  absorption  of  a  phonon  by  the  active  ion  and  the  re- 
emission  of  a  phonon  of  a  different  frequency.  The  ion  changes  vibrational  states 
but  remain  in  the  same  electronic  state.  Thus,  this  type  of  process  does  not 
affect  the  lifetime  of  the  state.  The  Feynman  diagrams  for  this  process  are  given 
by: 
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Writing  the  first  order  ion-lattice  interaction  Hamiltonian  as  H'  and  the  sec¬ 
ond  order  ion -lattice  interaction  Hamiltonian  as  H"  the  matrix  element  for  Raman 
scattering  is 


(86) 


This  can  be  written  as 


i 


where 
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Since  "a  is  intrinsically  positive  an  increase  in  temperature  will  cause  an  increase 
in  linewidth. 

Along  with  Raman  scattering  processes  which  leave  the  ion  in  the  same  elec¬ 
tronic  state  we  can  also  have  Raman  relaxation  and  Raman  excitation  processes. 

In  these  processes  phonons  of  different  frequencies  are  absorbed  and  emitted  and 
the  intermediate  state  is  a  virtual  state  as  in  Raman  scattering.  In  Raman  excita¬ 
tion  or  relaxation  processes,  however,  the  initial  and  final  electronic  states  are 
different.  The  energy  splitting  of  these  states  is  equal  to  the  difference  in  energy 
of  the  absorbed  and  emitted  phonons.  Mathematically  these  cases  can  be  treated 
similarly  to  Raman  scattering.  The  temperature  dependent  (phonon)  part  will  be 
exactly  the  same  as  that  given  in  Eq.  (90).  The  only  difference  ill  be  in  the  ma¬ 
trix  elements  of  the  crystal  field  operator  between  electronic  states.  This  changes 
a .  In  considering  experimentally  observed  linewidths,  however,  a  is  treated  as 
an  adjustable  parameter.  Thus,  Eq.  (90)  can  be  used  in  determining  the  linewidth 
contribution  of  all  the  Raman  processes.  It  should  be  noted  that  Raman  excitation 
and  relaxation  processes  will  contribute  to  the  lifetime  of  the  level  whereas  Raman 
scattering  processes  will  not. 

In  certain  cases  it  is  possible  to  have  two  phonon  relaxation  and  excitation 
processes  which  have  as  their  intermediate  state  a  real  electronic  level.  These 
are  called  Orbach  processes.  Since  these  processes  involve  a  real  transition  be¬ 
tween  the  level  under  consideration  and  another  real  level,  they  are  taken  into 
account  when  all  the  direct  processes  are  considered. 

Thus,  the  width  of  a  spectral  line  is  given  by 
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where  a  is  given  by  Eq.  (91),  fa  =  (*3.  34  x  10" *0  fa  which  is  given  by  Eq.  (82) 
and  Avq  is  the  temperature-independent  contribution  due  to  microscopic  strains. 

In  this  expression  the  linewidths  of  Gaussian  and  Lorentzian  broadening  processes 
have  simply  been  added.  Although  this  is  not  exactly  correct,  Eq.  (92)  does  give 
an  accurate  description  of  the  thermal  dependence  of  linewidths. 

Finally,  let  us  consider  the  thermal  shift  of  a  spectral  line.  This  is  due  to 
the  continual  absorption  and  re-emission  of  virtual  phonons  by  the  impurity  ion  in 
the  phonon  field.  Using  the  first  two  terms  in  the  expansion  of  the  ion -phonon  in¬ 
teraction  Hamiltonian  given  in  Eq.  (64),  the  energy  due  to  ion -phonon  interaction 
for  the  ith  state  of  the  system  is: 
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Since  n^  depends  on  temperature,  6  v  is  temperature  dependent.  This  ther¬ 
mal  dependence  of  the  interaction  energy  is  the  cause  of  the  shift  of  spectral  lines 
with  temperature. 

We  can  evaluate  6  vj  as  follows: 
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Even  when  n^  is  zero  6Ej  is  not  zero.  This  temperature  independent  zero 

field  shift  is  similar  to  the  Lamb  shift  produced  in  atomic  systems  by  an  electro¬ 
magnetic  field.  It  is  given  by 
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Disregarding  this  contribution  the  temperature  dependent  shift  is  given  by 
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The  sum  over  K  can  be  changed  to  an  integral  as  follows: 
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Thus,  the  temperature  dependent  line  shift  is  given  by 
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For  this  case  a-  can  be  either  positive  or  negative  depending  on  Ej  -  EJ 
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and  the  pole  in  the  integrand  is  accounted  for  by  taking  the  principal  value  of  the 
integral  denoted  by  P  (Louisell,  1  964). 

Thus,  for  the  total  thermal  lineshift  we  find 


td/t 


=  «(^)4  J 


ex  -  1 


dx 


♦  E 

j<  * 


td/t 


f  [ 


ex  -  1  x2 


-(AEli/KT)‘ 


dx 


mrne&mm** 


where  a  and  /3l\  are  given  by  Eqs,  (101)  and  (103),  respectively. 

4.  EXPERIMENTAL  APPARATUS  AND  SAMPLES 
4.1  Samples 

Six  Verneuil  grown  ruby  samples  of  various  concentrations  and  dimensions 
were  used  in  the  experiments  discussed  in  the  following  sections.  They  are  listed 
in  Table  5. 


Table  5.  List  of  Samples 


Sample 

Concentration 
Cr+3  (Atomic  %) 

Method  Concentration 

Determined 

Dimensions  (mm) 

1 

0.03 

Absorption  data  (Dodd,  1964) 

9.45  X  7.  34  X  3.  759 

2 

0.94 

Absorption  data  (Dodd,  1964) 

10.  73  X  10.8  X  0.965 

3* 

2.1 

X-ray  diffraction*’1' 

12.65  X  7.49  X  4.26 

4 

2.1 

(Same  boule  as  No.  3) 

10.48  X  6.52  X  0.838 

5 

2.1 

(Same  boule  as  No.  3) 

3.25  X  4.445  X  9.525 

6 

2.  1 

(Same  boule  as  No.  3) 

4.  064  X  4.978  X  9.525 

*  Spectroscopic  analysis  of  this  boule  by  Jarrell-Ash  Company  indicated  that 
no  impurity  other  than  chromium  was  present  in  concentrations  greater  than  0.01%, 
The  chromium  concentration  was  estimated  by  this  technique  to  be  3.05%. 

**  This  analysis  was  made  by  Dr.  A.  Linz  of  the  M.I.T.  Crystal  Physics  Lab¬ 
oratory.  The  lattice  parameters  s.  and  i  were  measured  and  the  percent  of  chro¬ 
mium  determined  from  tables  compiled  by  Professor  R,  Newnham  of  M.I.T. 

4.2  Absorption  Apparatus 

The  apparatus  used  to  obtain  the  absorption  spectra  was  a  Cary  Model  14  re¬ 
cording  spectrophotometer.  The  samples  were  mounted  on  the  cold  finger  of  a 
liquid  nitrogen  cryostat.  Measurements  were  made  at  room  temperature  and  77*K. 
The  radiation  was  polarized  by  using  Gian  prisms.  In  the  optical  region  a  650-watt 

Sylvania  DWY  Sun  Gun  was  used  as  a  source  and  a  1-P28  photomultiplier  tube  as  a 

•  • 

detector.  In  the  ultraviolet  region,  from  3500  A  down  to  2500  A,  the  source  was 
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changed  to  a  hydrogen  lamp.  The  infrared  region  was  also  run  using  a  lead  sulfide 
cell  as  a  detector. 

4.3  Continuous  Fluorescence  Apparatus 

A  block  diagram  of  the  continuous  fluorescence  apparatus  is  shown  in  Figure  3. 
The  monochromator  shown  between  the  source  and  the  sample  is  used  only  for  exci¬ 
tation  experiments.  In  the  normal  arrangement  for  studying  continuous  fluorescence 
the  samples  were  illuminated  with  white  light  from  an  air-cooled  General  Electric 
BH6  1000- watt  high  pressure  mercury  lamp.  The  energy  emitted  by  this  source 
was  passed  through  4  cm  of  saturated  CuS04  to  filter  out  the  infrared  radiation  and 
reduce  the  heating  of  the  sample.  It  was  then  focused  on  the  sample  by  a  two  lens 
condenser. 

For  measurements  at  room  temperature  and  below,  the  samples  were  mounted 
in  a  Janis  Model  8DT  cryostat.  The  sample  temperature  could  be  varied  from 
4.  2*K  up  to  300*K  by  using  an  exchange  gas  technique.  For  obtaining  temperatures 
above  300*K  the  samples  were  mounted  in  a  quartz  furnace;  the  temperature  was 
regulated  by  varying  the  amount  of  current  in  a  Ni-Cr  ribbon  wound  around  the 
furnace.  In  both  cases  the  temperature  was  monitored  by  thermocouples  and 
measured  with  a  Leeds  and  Northrup  8690  millivolt  potentiometer.  Copper  con- 
stantan  thermocouples  were  used  below  room  temperature,  iron  constantan  above 
room  temperature. 


BLOCK  DIAGRAM  OF  THE  CONTINUOUS  FLUORESCENCE  APPARATUS 


Figure  3.  Block  Diagram  of  the  Continuous  Fluorescence  Apparatus 
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The  fluorescence  emission  from  the  samples  was  observed  at  90*  from  the 
direction  of  the  incident  radiation.  It  was  chopped  at  20  Hz  and  then  focused  onto 
the  entrance  slit  of  a  McPherson  Model  213  one-meter  scanning  monochromator. 
This  was  a  Czerny-Tumer  (1930)  type  monochromator  with  the  optical  arrange¬ 
ment  shown  in  Figure  4.  The  grating  used  was  a  Bausch  and  Lomb  type  35-53-15-36 

blazed  at  7500  A  with  a  ruling  of  1200  lines  /mm.  A  slit  width  of  ten  microns  gave  a 
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resolution  of  0.  15  A  in  first  order  of  the  grating  and  0.07  A  in  second  order.  These 
resolutions  are  about  twice  the  theoretical  resolution  in  first  order  and  two  and 
one  half  times  the  theoretical  second  order  resolution  for  a  one- meter  Czerny- 
Tumer  instrument  with  this  grating. 

The  signal  was  detected  by  an  RCA  7102  (S-l)  photomultiplier  tube  which  was 
cooled  by  liquid  nifrogen.  The  modulated  signal  was  then  amplified  by  a  P.  A.R. 
JB-5  lock-in  amplifier  tuned  to  the  reference  signal  from  the  chopper.  The  result¬ 
ing  spectrum  was  displayed  on  a  Leeds  and  Northrup  speedomax  W  strip  chart 
recorder. 


Figure  4.  Monochromator  Optics 


4.4  Apparatus  for  Excitation  Experiments 

The  experimental  arrangement  used  for  the  excitation  experiments  was  essen¬ 
tially  the  same  as  that  shown  in  Figure  3  for  the  continuous  fluorescence  experi¬ 
ments.  There  were  two  differences,  however.  The  lamp  used  in  these  experiments 
was  a  Sylvania  DWY  650W  Sun  Gun.  Also  a  monochromator  was  placed  between  the 
source  and  the  sample  to  provide  selective  excitation  of  variable  frequency.  This 
monochromator  was  an  Engis  505-02  with  a  Bausch  and  Lomb  35-53-08-01  grating 
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which  has  a  ruling  of  600  lines/mm  blazed  at  3000  X.  A  slit  width  of  1  mm  eorre- 
sponded  to  a  resolution  of  55  A. 

4.5  Pulse  Fluorescence  Apparatus 

A  block  diagram  of  the  pulse  fluorescence  apparatus  is  shown  in  Figure  5. 
Again,  in  the  normal  arrangement  the  monochromator  shown  between  the  source 
and  the  sample  is  not  used.  The  sample  mount  and  temperature  control  system, 
the  monochromator,  and  the  photomultiplier  are  all  the  same  as  those  used  for 
the  continuous  fluorescence  experiments.  The  source  of  excitation  and  the  method 
of  monitoring  the  detected  signal  are,  however,  different.  The  source  used  was 
an  EG&G  flashtube,  either  an  FX-12  or  an  FX-33,  with  various  capacitors  needed 
to  obtain  different  pulse  lengths.  The  fluorescence  decay  was  displayed  on  a 
Tektronix  Type  531  oscilloscope  and  photographed  with  a  Polaroid  camera.  The 
same  apparatus  could  be  used  for  selective  excitation  experiments  by  placing  the 
Engis  monochromator  between  the  source  and  the  sample  to  provide  an  excitation 
of  varying  frequency. 


BLOCK  DIAGRAM  OF  THE  PULSE  FLUORESCENCE  APPARATUS 


Figure  5.  Block  Diagram  of  the  Pulsed  Fluorescence  Apparatus 
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5.  RESULTS  AND  DISCUSSION  OF  ABSORPTION  EXPERIMENTS 

Absorption  experiments  were  performed  on  three  ruby  samples,  a  0.03% 
sample  of  3.  759-mm  thickness  (listed  as  No.  1  in  Table  5),  a  2.  1%  sample  of 
4.  26 -mm  thickness  (listed  as  No.  3  in  Table  5),  and  a  2. 1%  sample  of  0.8  38 -mm 
thickness  (listed  as  No.  4  in  Table  5).  These  measurements  were  made  with  both 
parallel  and  perpendicular  polarizations  at  both  room  temperature  and  liquid  nitro¬ 
gen  temperature.  The  equipment  used  for  these  experiments  was  the  absorption 
apparatus  described  in  Section  4.  2.  During  these  experiments  the  slit  width 
varied  from  about  0. 02  to  0.  7  mm.  This  corresponds  to  a  resolution  of  0.  74  A  to 
17.5  A. 

5. 1  Absorption  Spectrum  of  Lightly  Doped  Ruby 

The  results  of  the  absorption  experiments  made  on  the  lightly  doped  sample 
at  the  two  temperatures  are  shown  in  Figures  6  and  7.  The  spectrum  consists  of 
two  broad  intense  bands  and  three  sets  of  sharp  lines.  As  the  temperature  is 
lowered  from  295 *K  to  77 *K  the  bands  and  lines  all  become  narrower  and  more 
intense  at  the  peaks.  They  also  shift  slightly  in  position  toward  lower  wavelengths. 
The  integrated  intensity  of  the  bands  remains  approximately  constant  as  the  tem¬ 
perature  is  changed. 

The  most  prominent  features  of  the  spectra  are  the  two  large  absorption  bands 

•  • 

located  near  4000  A  and  5500  A.  These  are  due  to  spin  allowed  transitions  from 
the  4A2  ground  state  to  the  ^Tj  and  4T2  bands  respectively  (see  Figure  2).  The 
differences  in  intensity  in  the  two  polarizations  are  due  to  the  different  selection 
rules  (see  Table  4).  The  structure  on  the  5500  A  band  at  77*K  has  been  attributed 
to  vibronic  transitions  (McClure,  1959). 

The  three  sets  of  sharp  lines  appearing  in  the  absorption  spectra  are  ail  due 
to  spin  forbidden  transitions  occurring  within  the  ground  state  configuration  (t^). 

The  first  set  consists  of  the  two  R  lines  occurring  near  6950  A.  They  arise  from 
transitions  originating  in  the  ground  state  and  terminating  on  the  two  components 
of  the  2E  level  split  by  29  cm'*  due  to  spin-orbit  interaction  and  the  trigonal  field. 

The  second  set  of  lines  is  found  near  6600  A.  They  are  less  intense  and 
broader  than  the  R  lines.  These  three  S  lines  represent  transitions  from  the 
ground  state  to  the  split  2Tj  level.  Their  greater  width  may  be  due  to  the  fact 
that  they  are  close  enough  to  the  lower  2E  level  for  direct  decay  processes  to 
occur.  These  lines  have  been  studied  by  Low  (I960)  and  Margerie  (1962). 

The  third  set  of  lines  appears  between  the  two  bands  at  approximately  4750  A. 
They  are  designated  as  B  lines  and  are  due  to  transitions  from  the  ground  state 
to  the  three  components  of  the  split  2T2  state.  These  lines  have  been  studied  by 
several  people  (Sugano  and  Tsujikawa,  1958;  Low,  I960;  Cohen  and  Bloembergen,  1964). 
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Figure  6.  Absorption  Spectra  of  Ruby  with  0.03%  Chromium  at  295 *K 
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Figure  7.  Absorption  Spectra  oi  Ruby  with  0.03%  Chromium  at  77*K 
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The  differences  in  intensities  of  the  various  lines  in  the  two  polarizations  are 
due  to  the  different  selection  rules  as  was  the  case  with  the  bands.  Comparison 
of  the  parallel  and  perpendicular  spectra  with  the  axial  spectra  shows  the  transi¬ 
tions  to  be  electric  dipole  in  nature  (McClure,  1962),  In  the  observed  spectra 
the  ground  state  splitting  (0.  38  cm*1)  was  not  resolved  in  any  of  the  lines. 

5.2  Absorption  Spectrum  of  Heavily  Doped  Ruby 

The  absorption  spectra  obtained  at  room  temperature  and  at  77*K  are  shown 
in  Figures  8  and  9,  respectively,  for  the  thin  2. 1%  ruby  (sample  No.  4).  The 
general  features  of  the  absorption  spectrum  of  lightly  doped  ruby  discussed  in  the 
last  section  are  also  observed  in  the  absorption  spectrum  of  heavily  doped  ruby. 

There  is,  however,  a  set  of  lines  and  a  band  that  appear  in  the  absorption  spec¬ 
trum  of  concentrated  ruby  that  do  not  appear  in  the  spectrum  of  lightly  doped  ruby. 
They  have  both  been  found  to  vary  quadratically  with  Cr+3  concentration  and, 
therefore,  have  been  attributed  to  pair  effects.  The  pair  band  is  located  around 
3400  A  and  was  first  studied  by  Linz  and  Newnham  (1961)  and  Naiman  and  Linz  (1963). 
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Figure  8.  Absorption  Spectra  of  Ruby  (0. 84  mm)  with 
2.1%  Chromium  at  295*K 
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The  new  lines  are  the  N  lines  and  the  other  pair  lines  seen  at  about  7000  A.  Also 
for  the  more  heavily  doped  sample  the  intensities  of  all  the  lines  and  bands  are 
larger  due  to  the  increase  in  Cr+3  ions.  Because  of  this  the  structure  of  the  four 
sets  of  lines  (R,  S,  B,  and  N)  can  be  better  determined. 
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Figure  9.  Absorption  Spectra  of  Ruby  (0.  84  mm)  with 
2. 1%  Chromium  at  77*K 


Figure  10  shows  the  region  of  the  spectrum  consisting  of  the  S,  R,  and  pair 
lines  at  295*K  for  the  thick  2. 1%  ruby  (sample  No.  3).  The  R  lines  and  the  pair 
lines  of  the  same  sample  at  77*K  are  shjwn  in  Figure  11.  The  spectrum  in  this 
region  is  observed  to  be  extremely  complex  with  lines  appearing  on  both  sides  of 

the  R  lines  and  between  the  Ri  and  R^  lines.  The  lines  on  the  low  energy  side 
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of  the  R  lines  with  wavelength  greater  than  6948  A  have  been  associated  with  pairs 
of  Cr+3  ions  by  their  quadratic  dependence  on  concentration  (Schawlow  et  al.,  1959). 
The  other  lines  on  both  sides  and  in  between  the  R  lines  are  probably  also  pair 
lines  (see  Section  9.  1  and  Daly,  1961).  The  weak  line  near  7065  A  is  probably  due 
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to  a  vibronic  transition  of  the  Rj  line  0,*|—T  '  ' 

l  IIC* 

(Kushida).  Note  that  the  Nj  line  de-  ft*  ■  l 

pends  strongly  on  polarization  while  a4  .  \ 

the  N2  line  has  very  little  polariza -  ft#  \ 

tion  dependence.  These  absorption  \  j 

o*  •  \  I 

lines  which  can  be  identified  in  fluo-  \  a  I 

rescence  are  marked  with  an  atterisk  ai '  \  V* 

in  Table  9.  el.  ■  1  ' 

Figure  12  shows  the  S  lines  of 

the  thick  2.1%  sample  at  liquid  nitro-  '*  '  '  ~ 

gen  temperature.  The  S3  line  has  fj  '*  . 

been  assigned  to  transitions  from  the  g  *t  •  I 

ground  state  to  the  two  upper  compo-  a  l  t 
nents  of  the  split  2Tj  ^t^  levels  and  B  >  > 
thus  consists  of  two  unresolved  lines 

1.0  I 

(Margerie,  1962).  The  S2  line  has 

been  assigned  to  the  transition  termi-  a,j  [  £ 

nating  on  the  lowest  component  of  the  ft*  \ 

\  (t^)  level.  The  lines  designated  a*  \ 

as  Sq  and  Sj  have  been  associated  M  \  II  Jl 

with  high  energy  vibronic  transitions  \  I  \ 

of  the  Rj  line  (Kushida).  The  other  \  L 

observed  structure  in  the  spectra  may  61  \J  vi 

be  due  to  the  vibronics  of  the  2Tj  - ' - 

levels.  Table  6  lists  the  absorption  .  * _ _ _ t_ 

lines  seen  in  this  region  of  the  m>io**cm*') 

spectrum. 

The  region  of  the  spectrum  In 

the  vicinity  of  the  B  lines  at  77*K  is  Region  of  the  S,  R,  and  N  Lines  at  295*K 
shown  in  Figures  13  and  14.  The 

former  shows  the  results  obtained  on  the  thin  2. 1%  sample  (No.  4)  with  parallel 
polarization.  The  latter  figure  gives  the  results  obtained  for  the  thick  2. 1%  sam¬ 
ple  (No.  3)  with  both  polarizations.  The  three  B  lines  have  been  assigned  to  tran¬ 
sitions  terminating  on  the  three  split  components  of  the  ^T2  (t2)  level  (Sugano  and 
Peter,  1961).  The  other  lines  observed  in  this  region  may  be  vibronics  of  the 
2T2  level.  They  are  listed  in  Table  7.  It  should  also  be  mentioned  that  the  un¬ 
assigned  lines  appearing  near  the  B  and  S  lines,  in  samples  with  this  high  con¬ 
centration,  may  be  due  to  transitions  terminating  on  excited  levels  of  the  pair 
systems.  A  verification  of  this  would  require  more  measurements  on  samples 
with  several  concentrations. 


Figure  10.  Absorption  Spectra  of  Ruby 
(4.  26  mm)  with  2. 1%  Chromium  in  the 
Region  of  the  S,  R,  and  N  Lines  at  295  *K 
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Figure  11.  Absorption  Spectra  of  Ruby  Figure  12.  Absorption  Spectra  of  Ruby 

(4. 26  mm)  with  2. 1%  Chromium  in  the  (4. 26  mm)  with  2. 1?«  Chromium  in  the 

Region  of  the  R  and  N  Lines  at  77*K  Region  of  the  S  Lines  at  77*K 
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Figure  13.  Absorption  Spectrum  (E  |j  C)  of  Ruby  (0.84  mm) 
with  2. 1%  Chromium  in  the  Region  of  the  B  Lines  at  77*K 


The  pair  band  for  the  thick  2.  1 %  sample  at  77*K  is  shown  in  Figure  15.  The 
peaks  of  the  band  are  listed  in  Table  8.  The  observed  structure  is  similar  to  that 
reported  by  Linz  andNewnham  (1061)  andNaiman  and  Linz  (1963)  but  is  somewhat 
shifted  toward  longer  wavelengths. 


Table  8.  Absorption  "Pair  Band"  in  Ruby  with 
2.  1%  Cr  at  77*K 
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Figure  14.  Absorption  Spectra  of  Ruby  Figure  IS.  Absorption  Spectra  of  Ruby 

(4. 26  mm)  with  2. 1%  Chromium  in  the  (4. 26  mm)  with  2. 1%  Chromium  in  the 

Region  of  the  B  Lines  at  77*K  Region  of  the  "Pair  Band"  at  77*K 
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4.  RESULTS  4ND  DISCUSSION  OF  CONTINUOUS  FLUORESCENCE  EXPERIMENTS 

Th#  fluorescence  spectra  of  ruby  samples  with  0.03%,  0.04%,  and  2. 1% 
chromium  (samples  No.  1,  2,  and  3  of  Table  5,  respectively)  were  observed  at 
several  temperatures  ranging  from  !5*K  up  to  ?05*K.  The  experimental  equip¬ 
ment  used  was  described  In  Section  4.  3.  The  monochromator  was  used  with  the 
grating  In  first  order  and  the  silts  opened  to  20p  which  gave  a  resolution  of  0.  3  A 
in  the  spectral  region  investigated.  All  experimental  parameters  were  held  con¬ 
stant  as  the  temperature  was  varied.  The  monochromator  scanning  speed  was 
reduced  In  the  region  of  the  R  and  N  lines  because  of  their  sharpness.  The  am¬ 
plifier  gain  was  also  reduced  in  this  region  so  the  no-phonon  lines  and  vlbronlca 
could  be  seen  in  the  same  figure. 

It  should  be  noted  that  the  spectra  shown  In  Figures  16  to  10  have  not  been  cor¬ 
rected  for  photomultiplier  response  and  grating  efficiency.  Taking  this  Into  account 
would  cause  the  no-phonon  lines  to  be  slightly  greater  than  they  appear  with  respect 
to  the  Urge  band  at  7750  A. 

6.1  Fluorescence  Spectrum  of  Lightly  Doped  Ruby 

The  fluorescence  spectrum  of  0.03%  ruby  U  shown  in  Figure  16  for  various 
temperatures.  This  fluorescence  spectrum  consists  of  two  parts: 

(1)  The  sharp  no-phonon  lines  due  to  pure  electronic  transitions,  and 

(2)  The  broad  vibronic  bands  due  to  vibrationally  assisted  electronic 
transitions. 

The  bands  on  the  high  energy  side  of  the  no-phonon  lines  correspond  to  the 
simultaneous  absorption  of  a  phonon  and  emission  of  a  photon.  The  vibronics  on 
the  low  energy  side  of  the  no-phonon  lines  are  due  to  the  concurrent  emission  of 
a  phonon  and  photon.  The  fluorescence  observed  on  the  high  energy  side  of  the 
R  lines  at  room  temperature  and  above,  between  6600  A  and  6690  A,  is  due  to 
emission  from  the  “Tj  ^t^  levels  (McClure,  1959  and  Kushida).  These  lines 
have  been  observed  to  be  in  thermal  equilibrium  with  the  R  lines  (Misu,  1964). 

The  two  broad  bands  and  the  B  lines  seen  in  absorption  do  not  appear  in  the 
fluorescence  spectrum.  This  is  because  the  energy  absorbed  at  these  frequencies 
is  transferred  to  the  lower  lying  *E  metastable  state  by  radiationles,s  processes 
and  then  emitted  at  thp  R  lines.  Misu  (1964)  has  suggested,  however,  that  fluo¬ 
rescence  appearing  around  6210  A  may  be  due  to  emission  from  the4T2  level  which 
gives  rise  to  the  U  absorption  band. 

The  most  striking  feature  of  the  thermal  dependence  of  the  fluorescence  is  its 
change  in  spectral  distribution.  At  545*K  the  emission  energy  is  spread  out  over 
a  wide  region  of  the  spectrum  with  low  intensity.  As  the  temperature  is  lowered, 
the  spectral  region  of  the  significant  fluorescence  decreases,  more  energy  is 
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Figure  16.  Fluorescence  Spectrum  of  Ruby  with  0.03%  Chromium 


emitted  in  the  no -phonon  lines  and  lest  In  the  vlbronlcs.  At  15*K  nearly  all  the 
energy  Is  emitted  In  an  extremely  intense  spike  at  the  Rj  line. 

The  vlbronlcs  at  545*K  are  almost  symmetric  about  the  R  lines.  They  extend 
from  6000  A  to  8100  A,  indicating  the  presence  of  multiphonon  processes.  Above 
room  temperature  their  appearance  is  similar  to  that  reported  by  Burns  and  Nathan 
(1963).  As  the  temperature  is  lowered,  the  extent  of  the  vlbronic  bands  decreases 
Indicating  a  lower  probability  of  multiphonon  processes.  The  bands  exhibit  a  de¬ 
tailed  structure  Indicating  that  characteristic  phonon  frequencies  are  active  (Krish- 
nan,  1947),  At  15*K  the  high  energy  vlbronlcs  have  vanished,  as  expected,  due  to 
the  lack  of  phonons  available  for  absorption. 

The  Rj  and  R2  lines  tend  to  Increase  In  intensity  when  temperature  is  low¬ 
ered.  The  ratio  of  the  intensity  of  the  R2  line  to  the  Rj  line  decreases,  however, 
according  to  a  Boltzmann  factor  showing  that  the  populations  of  their  upper  levels 
are  In  thermal  equilibrium  (Pringsheim,  1949).  At  77*K  the  Nj  and  N2  lines  and 
several  other  pair  lines  ean  be  seen  on  the  low  energy  side  of  the  R  lines.  As 
temperature  is  lowered  to  15*K  the  two  N  lines  increase  in  Intensity.  This  effect 
will  be  discussed  in  the  next  section. 

6.2  Fluorescence  Spectra*  of  Heavily  Doped  Ruby 

The  fluorescence  spectra  of  ruby  with  0.94%  and  2.1%  Cr+3  are  shown  in  Fig¬ 
ures  17  and  18,  respectively.  The  thermal  characteristics  of  these  spectra  are  the 
same  as  those  of  the  0.03%  sample.  At  the  higher  concentrations,  however,  the 
fluorescence  is  spread  out  over  a  wider  range  and  is,  in  general,  less  intense. 

The  number  and  intensities  of  the  pair  lines  visible  in  the  heavily  doped  samples 
are,  as  expected,  greater  than  in  the  lightly  doped  sample. 

One  major  difference  between  the  spectrum  of  heavily  doped  ruby  and  the  one 
of  lightly  doped  ruby  is  the  extent  and  complexity  of  the  former  at  wavelengths 
greater  than  7100  A.  Figure  16  shows  that  the  R  line  vibronics  at  low  tempera- 
tures  and  concentrations  are  not  significant  at  wavelengths  greater  than  7400  A. 

In  heavily  doped  ruby  this  vibronic  spectrum  will  be  complicated  by  the  presence 

of  the  pair  lines  and  their  vibronics.  The  lines  belonging  to  first  and  third  nearest 

•  • 

neighbors  are  found  between  71 50  A  and  7550  A  (Mollenauer,  1965),  The  band  seen 

beyond  this  region  with  its  highest  peak  at  about  7750  A  has  been  attributed  by 

Tolstoi  et  al.  (1962)  to  transitions  involving  more  than  two  interacting  chromium  ions. 

The  high  energy  vibronics  are  less  intense  in  the  more  concentrated  samples 

and  no  structure  is  observed  in  the  2.  1%  sample.  They  have  completely  disappeared 

at  77*K  for  both  samples.  The  amount  of  fluorescence  from  the  vibronics  and  the 
2 

Tj  level  is  much  less  than  in  the  0.0  3%  sample  because  the  coupling  between  single 
ions  and  pairs  provides  a  rapid  decay  mechanism  for  the  ions  in  the  metastable  level. 
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Figure  17.  Fluorescence  Spectrum  of  Ruby  with  0.94%  Chromium 


Figure  18.  Fluorescence  Spectrum  of  Ruby  with  2. 1%  Chromium 


Figure  19.  Fluorescence  Spec* 
trum  of  Ruty  with  2.1%  Chro¬ 
mium  in  the  Region  of  the  R  and 
N  Lines 


The  region  of  the  spectrum  of  the  2. 1  %  sample  consisting  of  the  R  lines  and 
the  pair  lines  for  second  and  fourth  nearest  neighbors  is  shown  in  Figure  19.  In 
the  heavily  doped  samples  the  R  lines  decrease  as  temperature  is  lowered.  Also 
in  these  samples  satellite  lines  appear  on  both  sides  of  and  in  between  the  Rj  and 
R2  lines  as  they  did  in  absorption. 

Both  the  N  lines  increase  in  intensity  as  temperature  is  lowered.  The  inten¬ 
sities  of  the  numerous  other  pair  lines  vary  differently  with  decreasing  tempera¬ 
ture;  some  increase,  others  decrease.  These  observations  of  the  thermal  varia¬ 
tion  of  the  intensities  of  the  pair  lines  are  discussed  in  more  detail  in  Section  9. 
They  are  explained  by  considering  the  levels  involved  in  the  specific  transitions 
and  the  energy  transfer  between  single  ion  and  pair  systems. 

The  lines  observed  in  the  spectrum  of  heavily  doped  ruby  at  77  *K  are  listed 
in  Table  9.  The  lines  marked  with  an  asterisk  were  also  identified  in  absorption. 
The  positions  of  the  absorption  lines  are  not  as  accurate  as  the  positions  of  the 
fluorescence  lines  due  to  the  differences  in  resolution  and  scanning  speed  used  in 
the  two  types  of  experiments.  The  region  of  the  fluorescence  spectrum  which  was 
of  interest  to  this  work  was  between  6900  A  and  7100  A.  The  lines  listed  in  Table  9 
between  7100  A  and  8000  A  are  not  as  accurate  as  those  reported  from  6900  A  to 
7100  A  since  the  former  region  of  the  spectrum  was  observed  at  a  faster  scanning 
speed  than  the  latter  region. 

Key  for  Table  9 

*  Seen  also  in  absorption  (Figure  12) 

+  Second  nearest  neighbor  pair  lines  (Figure  30) 

++  Fourth  nearest  neighbor  pair  lines  (Figure  30) 

+<f  Fourth  nearest  neighbor  pair  lines  consisting  of  two  poorly  resolved 
lines  (Figure  30) 

•  I 

Some  of  the  lines  in  the  region  from  7150  A  to  7550  A  have  been  attributed  by 

Mollenauer  (1965)  to  first  and  third  nearest  neighbor  pairs.  The  vibronics  also 

_  • 
appear  in  this  region.  The  lines  reported  at  wavelengths  greater  than  7550  A  are 

superimposed  on  a  big  band  with  a  peak  near  7750  A  which  has  been  attributed  to 

multi-ion  systems  (Tolstoi,  1962). 
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Table  9.  Fluorescence  Lines  of  Ruby  with  2. 1%  Cr  at  74*K 


X(A) 

v  (cm"  ^ 

X(A) 

vfcm"1) 

6916.0  * 

14,  459.2 

7075.5 

14,  133.  3 

6921.0  *  (R2) 

14,  448.8 

7081.0 

14, 122. 3 

6924.  5 

14,  441.5 

7086.5 

14,  111.3 

6927.2  +  + 

14,  435.8 

7092.5 

14,099.4 

6931.5  * 

14,  426.  9 

7110 

14,  065 

6933.5  * 

14, 422. 7 

7125 

14,035 

6935.5  *  (Rj) 

14,  418.6 

7145 

13,  996 

6937.0  +  + 

14,  415.4 

7162 

13,  963 

6940.5 

14,  408.2 

7179 

13,  930 

6944.0  +  + 

14,  400.  9 

7188 

13,  912 

6949.0  + 

14,  390.6 

7195 

13,898 

6956.0  *  + 

14,  376. 1 

7217 

13,856 

6957.0  * 

14,  374.0 

14,  368.8 

7235 

13,822 

6959.5  *  + 

7277 

13,  742 

6963.5  *  + 

14,  360.6 

7288 

13,  721 

6967.0  *  + 

14,  35  3.4 

7293 

13,  712 

6971.0  *  + 

14,  345.1 

7307 

13,  686 

6976.0  *  + 

14,  334.9 

7325 

13,  652 

6978.0  *  +  + 

14,  330.8 

7410 

1 3,  495 

13,  450 

6978.5  + 

14,  329.  7 

7435 

6980.5  *  44 

14,  325.6 

7453 

13,417 

6989.0  *  +  + 

14,  308.2 

7500 

13,  333 

6990.5  *  +  + 

14,  305.1 

7522 

13,  294 

13,  266 

6991.5  *  44 

14,  303.1 

7538 

6996.0  *  +  + 

14,  293.9 

7591 

13,  173 

7002.5  *  +  + 

14,  280.6 

7606 

13,  148 

7009.5  *++  (N2) 

14,  266.4 

7624 

13,  116 

7013.0  *  +  + 

14,259.2 

7666 

1 3,  045 

7025.0  *  + 

14,234.9 

7710 

12, 970 

7032.0  *  + 

14,220.7 

7737 

12, 925 

7041.0  *  +  (N^ 

14,202.5 

7769 

12,872 

7056.0 

14,  172.3 

7845 

12, 747 

705*}. 0  *  + 

14, 168. 3 

7890 

12, 674 

7070.0 

7073.5 

14,  141. 3 

14,  137.  3 

7916 

12,633 

(Key  on  previous  page) 


7.  RESULTS  AND  DISCUSSION  OF  EXCITATION  EXPERIMENTS 

The  excitation  spectra  of  the  Rj  line  of  a  0.03%  ruby  (sample  No.  1  in 
Table  5)  and  of  the  Rj,  Nj,  and  N2  lines  and  the  7750  A  band  of  a  2. 1%  ruby 
(sample  No.  3  in  Table  5)  were  observed  at  300*K  and  4.2*K.  The  equipment 
used  for  these  experiments  was  described  in  Section  4,  The  Engis  monochromator 
used  to  select  the  wavelength  of  the  exciting  radiation  was  scanned  through  the 
range  of  wavelengths  where  absorption  was  observed.  The  McPherson 
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monochromator  selected  the  wavelength  of  the  fluorescence  to  be  monitored.  Be¬ 
cause  of  the  low  intensity  obtained  in  these  experiments,  wide  slit  widths  were 
leeded  for  both  monochromators.  The  Engis  slits  were  set  at  1  mm,  which  cor- 
responded  to  a  resolution  of  55  A.  The  McPherson  slits  were  set  at  400  n ,  which 
gave  a  resolution  of  about  6  A.  Both  instruments  were  used  in  first  order. 

7.1  Excitation  Spectrum  of  the  Rj  Line  of  Lightly  Doped  Ruby 

Figure  20  shows  the  excitation  spectrum  of  the  Rj  line  of  the  lightly  doped 
ruby  at  300*K  and  at  4.  2*K.  The  spectrum  is  approximately  the  same  at  the  two 
temperatures.  The  greatest  amount  of  excitation  is  obtained  by  pumping  in  the 
two  large  absorption  bands.  The  bands  are  not  as  sharp  in  excitation  as  they 
appear  in  absorption,  probably  due  to  the  poorer  resolution  used  in  these  experi¬ 
ments.  The  ^2  band  in  excitation  is  more  intense  than  the  4Tj  band.  This  is 
just  the  opposite  of  what  is  seen  in  absorption  and  is  consistent  with  the  perpen¬ 
dicularly  polarized  excitation  spectrum  observ  ed  by  Misu  (1964),  This  indicates 
that  under  these  conditions  more  energy  is  being  transferred  to  the  R  metastable 
levels  from  the  U  band  than  from  the  Y  band. 
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Figure  20.  Excitation  Spectra  of  the  Rj  Line  in  Ruby  with  0.03%  Chromium  at 
300*K  and  4.  2*K 
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There  also  is  an  excitation  of  the  Rj  line  due  to  absorption  in  the  region  of 
the  S  lines  (near  6650  A).  This  is  consistent  with  the  observations  of  Misu  (1964). 
Resonant  radiation  is  observed  in  the  region  of  the  R|  line  itself  (about  6950  A). 
Because  of  the  wide  slit  width  the  resonant  radiation  includes  scattered  light.  The 
emission  in  this  region  may  also  be  due  to  absorption  in  the  R2  line. 

7.2  Excitation  Spectra  of  Heavily  Doped  Ruby 

Figures  21  and  22  show  the  excitation  spectra  of  the  2. 1%  sample  at  tempera¬ 
tures  of  300*K  and  4. 2*K,  respectively.  The  Rj,  N2.  and  Nj  lines  and  the  large 
fluorescence  band  near  7750  A  were  all  investigated  at  room  temperature  but  at 
liquid  helium  temperature  the  intensity  of  the  Rj  line  was  too  small  to  give  useful 
results. 

At  room  temperature  the  three  lines  and  the  band  all  have  similar  excitation 
spectra.  Instead  of  two  distinct  pumping  bands  as  observed  in  the  lightly  doped 
sample,  these  spectra  present  a  broad,  less  intense  region  of  excitation  with  little 
observable  structure.  This  "flattening*  or  "saturation"  of  the  excitation  spectra 
is  due  to  the  fact  that  the  absorption  is  so  strong  in  the  bands  that  the  incident  light 
at  these  frequencies  does  not  penetrate  very  far  into  the  sample  (Dexter,  1958). 
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Figure  21.  Excitation  Spectra  of  the  Rj,  Nj,  and  N2  Lines  and  the  7750  A 
Band  in  Ruby  with  2.1  %  Chromium  at  300*K 
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_  _  • 

Figure  22.  Excitation  Spectra  of  the  N  Lines  and  the  7750  A  Band  in  Ruby 

with  2. 1%  Chromium  at  4.  2*K 


The  incident  light  at  the  frequency  of  the  B  lines  is  absorbed  less  and  thus  pene¬ 
trates  further  into  the  sample.  The  result  of  this  "size  effect"  is  that  the  excita¬ 
tion  through  the  B  lines  relative  to  the  excitation  through  the  bands  is  greater 
than  in  the  weakly  doped  sample  which  absorbs  less. 

Each  of  the  lines  and  the  band  exhibit  a  resonant  excitation  peak  which  will 

include  some  scattered  radiation.  They  also  all  have  a  peak  at  about  6000  A  in- 

•  • 
dicating  excitation  through  the  S  lines.  The  7750  A  band  has  a  peak  near  6950  A 

which  indicates  pumping  through  the  R  lines. 

At  4.  2*K  the  excitation  spectrum  of  the  7750  A  band  is  extremely  weak  and  no 
distinct  structure  is  observed.  The  excitation  spectra  of  the  Nj  and  N2  lines  are, 
however,  more  intense  at  this  temperature  and  a  number  of  bands  are  observed. 
This  is  due  to  the  fact  that  the  fluorescence  at  the  band  decreases  at  low  tempera¬ 
tures  while  the  fluorescence  at  the  N  lines  increases  (see  Figure  18). 

In  the  region  of  the  two  absorption  bands  the  N  lines  both  appear  to  have  two 
major  excitation  bands  and  an  indication  of  a  third  peak  not  resolved  from  one  of 
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•  •  • 

the  larger  bands.  They  occur  at  about  4550  A,  4900  A,  and  5900  A.  Again  these 
peaks  are  shifted  from  the  positions  of  the  absorption  bands  and  B  lines  (see  Fig¬ 
ure  9)  due  to  the  "size"  effects  mentioned  above. 

There  is  also  a  smaller  band  appearing  at  about  3600  A,  on  the  tail  of  one  of 
the  larger  bands.  This  is  probably  the  pair  band  observed  in  absorption  near 
3400  A.  Due  to  the  low  intensity  of  the  Rj  line  emission  it  is  not  clear  whether 
or  not  it  is  also  excited  through  this  band.  However,  Rj  fluorescence  was  ob¬ 
served  at  room  temperature  by  pulsed  excitation  in  this  band  (see  Section  10). 

Both  the  N  lines  show  strong  pumping  in  the  region  of  the  S  lines  (around 

•  • 

6600  A  to  6700  A).  There  is  also  a  peak  in  the  excitation  spectra  of  both  lines 
near  6400  A.  Absorption  was  also  seen  in  this  region  (see  Table  6  and  Figure  13). 

The  resonant  absorption  peak  in  the  spectra  of  the  two  N  lines  is  centered  at  about 

•  • 

6950  A  and  extends  to  near  7100  A.  This  indicates  a  pumping  of  the  N  lines  by  the 
R  lines. 

It  should  be  noted  that  these  measurements  cannot  throw  any  further  light  on 
the  mechanism  of  excitation  of  the  pair  lines;  in  particular  they  cannot  show  whether 
the  pair  lines  are  excited  directly  through  the  bands  or  through  the  R  lines.  The 
energy  transfer  from  single  ions  to  pairs  is  discussed  in  more  detail  in  Sections  9 
and  10. 


8.  RESULTS  AND  DISCUSSION  OF  LINEWIDTH  AND  LINESHIFT  MEASUREMENTS 

The  temperature  dependence  of  the  widths  and  positions  of  the  four  most  prom¬ 
inent  lines  in  the  fluorescence  spectrum  of  heavily  doped  ruby  was  measured  from 
13*K  up  to  450*K.  The  results  for  samples  containing  2. 1%  and  0.  94%  chromium 
are  compared  with  similar  measurements  made  previously  on  lightly  doped  ruby 
(about  0.05%chromium).  The  samples  used  were  listed  as  Nos.  2  and  3  in  Table  5. 
The  R]  and  R^  lines  are  found  to  be  broadened  by  microscopic  strain,  Raman 
processes,  and  direct  processes  between  their  excited  states.  The  N]  and  N2 
lines  are  broadened  by  microscopic  strain,  Raman  processes,  and  direct  processes 
within  the  ground  state  manifolds.  The  thermal  lineshift  results  are  consistent 
with  virtual  phonon  processes  involving  different  Debye  temperatures  from  those 
used  to  fit  the  linewidth  data. 

8.1  Theoretical  Considerations 

McCumber  and  Sturge  (1963)  investigated  the  thermal  dependence  of  the  widths 
and  positions  of  the  absorption  R  lines  in  lightly  doped  ruby.  They  explained  the 
constant  width  below  77*K  as  being  due  to  broadening  by  microscopic  strains,  and 
the  rapid  increase  in  width  with  temperature  above  77*K  as  being  due  to  the  Raman 
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scattering  of  phonons  by  the  impurity  ions.  Kurnit,  Abella,  and  Hartmann  (1966) 
included  a  direct  process  term  between  the  E  and  2A  levels  in  the  consideration 
of  the  Rf  linewidLi  and  obtained  a  better  fit  with  experimental  results.  The  ex¬ 
pression  for  the  linewidth  in  units  of  cm-1  was  derived  in  Section  3.  The  result 
was  given  in  Eq.  (92)  as 


where; 

A  vq  =  contribution  due  to  microscopic  strain, 
Tjj  =  effective  Debye  temperature, 


and  the  contributions  due  to  multiphonon  processes  are  neglected. 

As  was  mentioned  in  Section  3  the  strain  broadening  due  to  the  random  crystal 
field  distortion  at  the  r.ite  of  each  chromium  ion  gives  a  Gaussian  contribution  to 
the  line  'jhape.  The  broadening  due  to  the  phono-,  processes,  which  have  the  same 
probability  of  occurrence  for  each  ion,  produces  a  Lorentzian  line  shape.  The 
superposition  of  the  two  contributions  gives  a  Voigt  profile  whose  half  width  is  not 
exactly  equal  to  the  sum  of  the  Gaussian  and  Lorentzian  halfwidths.  Equation  (105) 
may,  however,  still  be  considered  a  good  approximation.  The  a  and  0^  are 
treated  as  adjustable  parameters  to  obtain  a  fit  with  experimental  results.  They 
are  a  measure  of  the  coupling  of  the  impurity  ion  to  the  lattice.  Temperature  TD 
may  be  different  from  the  Debye  temperature  found  from  specific  heat  measure¬ 
ments  since  phonons  of  different  frequencies  may  interact  differently  with  the 
impurity  ion. 

The  shift  of  a  spectral  line  with  temperature  is  caused  by  the  continual  ab¬ 
sorption  and  re -  emission  of  virtual  phonons  by  the  impurity  ion  in  a  phonon  field. 
The  temperature  dependent  shift  expressed  in  units  of  cm"1  was  also  derived  in 
Section  3  and  the  result  was  given  in  Eq.  (104)  as 


P 


(106) 


where  P  denotes  the  principal  part  of  the  integral.  Again  the  a  and  (3 "  coefficients 
are  adjustable  parameters.  The  last  two  terms  represent  the  absorption  and  emis¬ 
sion  of  virtual  phonons  with  frequencies  corresponding  to  real  transitions  from  the 
levels  considered.  These  were  found  to  be  negligible  in  lightly  doped  ruby 
(McCumber  and  Sturge,  1963).  They  have  been  found  to  contribute  to  thermal 
lineshifts  in  other  materials  however  (Yen  et  al.,  1964). 

There  is  no  reason  to  expect  that  T^  will  have  the  same  value  for  linewidth 
and  lineshift  processes  since  a  specific  phonon  may  contribute  differently  to  the 
two  types  of  processes  on  account  of  different  selection  rules.  In  fact,  Imbusch 
et  al.  (1964)  suggested  that  the  effective  phonon  distributions  in  ruby  would  be  dif¬ 
ferent  in  Eqs.  (105)  and  (106).  In  lightly  doped  ruby  McCumber  and  Sturge  found, 
however,  that  good  results  could  be  obtained  assuming  the  same  effective  Debye 
temperature. 


8.2  Experimental  Results 


The  width  of  the  R  j  fluorescence  line  in  a  0.  03%  sample  was  measured  at 
several  temperatures  above  77*K.  The  results  agree  quite  well  with  the  absorp¬ 
tion  data  of  McCumber  and  Sturge. 


Figures  23  and  24  show  the 
experimental  results  of  the  ther¬ 
mal  variation  of  fluorescence 
linewidth  of  the  R  and  N  lines 
in  the  2.1%  and  0.  94%  samples, 
respectively,  in  the  temperature 
range  from  13°K  to  450*K.  The 
shifts  in  position  of  the  R  and  N 
lines  with  temperature  below 
their  values  at  0*K  are  shown  in 
Figure  25  for  the  two  samples  in 
the  same  temperature  range. 

The  data  was  obtained  using  the 
continuous  fluorescent  apparatus 
described  in  Section  4.  At  77*K 
and  below,  the  grating  was  used 
in  second  order  and  the  slits  set 
at  10p  to  achieve  a  resolution  of 
0.14  cm*1.  Above  77 *K  the 
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grating  was  used  in  first  order 
which  gave  a  resolution  of 
0.  306  cm-1  for  a  10-p.  slit  width. 


Figure  23.  Linewidths  of  the  R  and  N  Lines 
in  Ruby  with  2. 1%  Chromium.  The  theoreti 
cal  curves  are  obtained  from  Eq.  (105)  with 
the  parameters  shown  in  Table  14. 
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This  slit  width  was  used  at  all  temperatures  in  measurements  on  the  0.  94 %  sam¬ 
ple  but  for  the  2.  1%  sample  above  200*K  a  slit  width  of  20p  was  used.  For  the 
2.  1%  sample  a  scanning  speed  of  2.  5  A /minute  was  used  below  300 *K  and 
25  A /minute  above  this  temperature.  For  the  0.  94%  sample  a  scanning  speed 
of  1.0  A/minute  was  used  up  to  82*K;  then  2.5  A/minute  was  used  up  to  300 °K 
and  5  A  /minute  was  used  above  this  temperature.  An  amplifier  response  time 
of  0. 1  second  was  used  for  all  measurements. 


Figure  24.  Linewidths  of  the  R  and  N  Lines  in  Ruby  with  0.  94%  Chromium.  The  the¬ 
oretical  curves  are  obtained  from  Eq.  (105)  with  the  parameters  shown  in  Table  14 
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Figure  25.  Energy  Shift  of  the  R  and  N  Lines  Below  Their  Values  at  0*K  for  Ruby  with 
2. 1%  and  0.  94%  Chromium.  The  theoretical  curves  are  obtained  from  Eq.  (106)  with 
the  parameters  given  in  Table  14. 


Tables  10  and  11  list  the  results  of  the  linewidth  measurements  for  the  two 
samples.  Tables  12  and  13  list  the  lineshift  results.  The  estimated  accuracy  of 
the  linewidth  measurements  of  the  2.  l%sample  is  ±10%for  the  R  lines  and  ±5% 
for  the  N  lines.  For  the  0.  94%  sample  the  estimated  accuracy  of  the  linewidths 
is  ±2%  for  the  R  lines  and  ±5%  for  the  N  lines.  The  estimated  accuracy  of  the 
measurements  of  the  position  of  a  line  is  1  /10  to  1  /20  of  the  linewidth. 


Table  10.  Experimental  Data  on  Linewidth  of  Ruby  (2. 1%  Cr) 


T  (*K) 

Avp  (cm-1) 

R1 

Avn  (cm-1) 

R2 

Avn^  (cm-1) 

AvN  (cm-1) 
.2 

13 

2.70 

7.06 

3.  32 

21 

3.21 

3.00 

29 

2.91 

7.06 

3.  32 

42 

3.  32 

3. 18 

62 

2.91 

3.  24 

7.35 

3.66 

74 

2.91 

3.24 

7.26 

3.66 

80 

3.02 

7.76 

3.66 

96 

3.25 

3.  37 

7.27 

3.74 

117 

4.57 

3.66 

7.61 

3.  96 

132 

5.20 

4.17 

8.06 

4.  39 

155 

6.24 

4.23 

8.47 

5.18 

184 

11.42 

6.  78 

9.68 

6.24 

240 

21.31 

10.60 

14.71 

10.11 

301 

34.22 

17.  70 

33. 15 

20.30 

311 

39.35 

17.  70 

34.10 

21.30 

400 

49.60 

28.08 

45.50 

29.  35 

Resolution:  0.14  cm-}  for  T  <,  74*K 

0.  31  cm-}  for  80*K  iTi  184*K 
0.61  cm"1  for  Ti  240*K 


Table  11.  Experimental  Data  on  Linewidth  of  Ruby  (0.  94%  Cr) 


T  CK) 

A?R  (cm-1) 

R1 

A?n  (cm-1) 

R2 

A\  (cm_1) 

A7L,  (cm-1) 
N2 

20 

2.453 

2.714 

5.545 

2.299 

25 

2.474 

2.818 

5.545 

2.  380 

47 

2.494 

2.818 

5.645 

2.441 

70 

2.702 

2.965 

5.645 

2.441 

81 

2.910 

3.215 

5.685 

2,502 

92 

3.013 

3.652 

5.644 

2.746 

112 

3.449 

3.  902 

5.945 

2.989 

120 

3.886 

4.070 

6.048 

3.152 

130 

4.  363 

4.445 

6.247 

3.193 

140 

4.882 

4.  902 

6.367 

3.499 

150 

5.236 

5.  155 

6.549 

3.762 

164 

7.165 

5,631 

6.951 

4.391 

176 

8.060 

6.259 

7.655 

4.777 

192 

9.654 

7.234 

8.257 

5.121 

200 

11.111 

7.  780 

8.763 

5.631 

225 

15.256 

9.297 

9.966 

7.152 

251 

20.331 

11,458 

11.572 

9.  383 

265 

22.090 

12.914 

12.274 

10.419 

273 

23.010 

13.016 

13.839 

11.675 

307 

29.020 

16.916 

16.087 

13.  761 

351 

35.720 

20. 274 

20.080 

16.729 

401 

45.200 

27.000 

27.580 

21.780 

451 

53.730 

32.  670 

Resolution:  0. 14  cm"}  for  T  <  70*K 
0.  31  cm-1  for  T  >  81*K 
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8.3  Interpretation  of  Results  and  Conclusions 


Qualitatively  the  thermal  dependences  of  the  linewidths  shown  in  Figures  23 
and  24  are  similar  to  those  of  the  0.0  3%  sample  in  that  they  are  constant  up  to 
77*K  and  then  increase  rapidly  with  temperature;  however,  the  coupling  coeffi¬ 
cients  are  different  and  the  thermal  variations  of  all  lines  cannot  be  fit  with  theo 
retical  curves  based  on  Raman  scattering  alone. 

The  shapes  of  the  lines 
were  investigated  at  low 
temperatures  to  determine 
the  extent  of  direct  process 
broadening.  The  closeness 
of  the  satellite  lines  to  the 
R  lines  prohibited  any  con¬ 
clusive  results  with  regard 
to  these  lines.  Accurate 
shapes  could  be  determined 
for  both  the  N  lines,  how¬ 
ever.  For  example,  Fig¬ 
ure  26  shows  the  shape  of 
the  Nj  line  in  the  2.1% 
sample  at  21  *K  where 
broadening  from  Raman 
processes  is  negligible.  It 
falls  between  a  Gaussian 
and  a  Lorentzian  curve,  in-  Figure  26.  Shape  of  the  Nj  Line  in  Ruby  with  2. 1% 
dicating  that  there  are  con-  Chromium  at  21  *K 

tributions  to  the  broadening  from  both  microscopic  strain  and  phonon  processes. 

By  analyzing  this  shape  using  Posener's  tables  of  Voigt  profiles  (1959)  the  two 
contributions  were  separated.  * 

In  Section  9  the  energy  level  systems  of  heavily  doped  ruby  are  established 
and  the  results  shown  in  Figure  30.  Note  that  the  R  lines  terminate  on  the  ground 
state  while  the  N  lines  both  terminate  on  an  upper  component  of  the  exchange  split 
ground  state  manifolds. 

At  very  low  temperatures  the  widths  of  the  lines  originating  from  a  metastable 
N  state  and  terminating  on  the  ground  state  should  give  a  good  indication  of  the 
strain  broadening  of  all  the  lines  originating  from  the  same  level.  The  width  of  the 
transition  to  the  ground  state  of  the  system  was  measured  and  found  to  be  in 

""The  instrumental  broadening  at  low  temperatures  was  always  much  less  than 
10%  of  the  strain  broadening.  This  would  also  give  an  approximately  Gaussian 
contribution  to  the  linewidth  (Nelson  and  Sturge,  1965). 


good  agreement  with  the  strain  broadening  determined  from  line  shape  analysis  of 
the  line  as  mentioned  above.  The  width  of  the  transition  to  the  ground  state  of 
the  Nj  system  is  greater  than  expected  from  line  shape  analysis  of  the  Nj  line. 
Kisliuk  and  Krupke  (1065)  found  that  the  line  they  assigned  to  the  ground  state 
transition  of  this  system  disappeared  in  absorption  at  low  temperatures.  There¬ 
fore,  they  interpreted  this  line  as  arising  from  a  vibronic  transition  near  a  for¬ 
bidden  no-phonon  line.  In  this  case  we  would  expect  it  to  be  broader  than  the  no¬ 
phonon  line. 

The  strain  broadening  for  the  R  lines  is  greater  in  the  samples  used  here 
than  in  the  0.03%  sample;  it  is  greatest  in  the  2. 1%  sample.  For  the  2. 1%  sam¬ 
ple  the  observed  strain  linewldths  are  in  the  order  AvN  >  A  >  AvN  >  Av^  . 

>  Avn  >  Avm  .  The  N,  line  has 

been  assigned  by  Kisliuk,  Schawlow,  and  Sturge  (1964)  to  second  nearest  neighbor 
pairs  and  the  line  to  fourth  nearest  neighbor  pairs.  We  would  expect  the  strain 
field  associated  with  the  second  nearest  neighbor  impurities  to  be  greater  than  that 
associated  with  the  fourth  nearest  neighbor  impurities,  implying  that  Nj  should  be 
broader  than  N^.  This  is  confirmed  experimentally  for  both  samples. 

Theoretical  fittings  of  the  temperature  dependence  of  the  linewldths  and  line- 
shifts  of  the  different  lines  were  obtained  by  using  formulas  (105)  t  nd  (106)  re¬ 
spectively,  with  the  parameters  shown  in  Table  14.  The  parameters  used  by 
McCumber  and  Sturge  for  lightly  doped  ruby  are  also  shown  for  comparison.  The 
accuracy  of  the  fitting  parameters  is  approximately  10%  for  the  effective  Debye 
temperatures,  5%  for  the  Raman  scattering  coefficients,  and  20%  for  the  direct 
process  coefficients.  The  fittings  shown  for  the  Rj  and  linewldths  of  the 
2.  1%  sample  are  based  entirely  on  Raman  scattering  using  a  Debye  distribution 
of  phonons  with  an  effective  Debye  temperature  of  760*K.  The  fittings  of  the  R 
linewldths  for  the  0.  94%  sample  have  the  same  Tp  but  lower  values  of  <5;  these 
fittings  also  include  direct  process  terms  for  transitions  between  the  E  and  zk 
levels.  McCumber  and  Sturge  used  the  same  T^  but  even  lower  coupling  coeffi¬ 
cients.  In  all  three  samples  c?D  >  aD  .  For  the  direct  process  coefficient  of 

R1  R2 

the  Rj  line  in  lightly  doped  ruby,  Kurr.lt,  Abella,  and  Hartmann  (1966)  derived  a 
value  of  0.004  cm*l  from  photon  echo  lifetime  results.  This  is  much  less  than 
the  p  coefficients  used  in  fitting  the  0.  9.4%  curves.  For  the  2.  1%  sample,  no  0 
coefficients  could  be  derived  because  of  the  larger  strain  broadening. 

The  fittings  of  the  data  for  the  N  linewldths  of  both  the  2.  1%  and  0.  94%  sam¬ 
ples  were  obtained  by  considering  a  Raman  scattering  process  with  a  Debye  tem¬ 
perature  of  935*K  plus  a  direct  decay  process  in  the  ground  state  manifold  with 
the  selection  rule  AS  =  ±2.  This  type  of  process  may  become  active  through  the 
modulation  of  the  exchange  coupling  coefficient  J  by  lattice  vibrations  and  is  im¬ 
portant  when  the  zero  field  splitting  parameter  D  is  not  negligible  (Gill,  1962). 


In  the  0.94%  sample,  they  are  AvN  >  Av 

W1 


Table  14.  Linewidth  and  Lineshift  Parameters  of  Ruby 


Sample 

(Percent 

Chromium) 

Line 

Linewidth 

Lineshift 

Td  CK) 

a  (cm-*) 

/ 3  (cm"*) 

A  V 

(strain) 

(cm-1) 

Td  CK) 

a  (cm'*) 

2. 1 

R1 

760 

1440 

0 

2.  90 

450 

-177 

R, 

760 

640 

0 

3.  10 

450 

-177 

NI 

935 

1681 

0.20 

6.  73 

450 

-160 

N2 

935 

1166 

0.24 

3.06 

450 

-150 

.  ..  . 

0.94 

R1 

760 

1071 

0.24 

2.45 

450 

-177 

R2 

760 

475 

0.  36 

2.  30 

450 

-177 

», 

935 

731 

0.20 

5.24 

450 

-160 

935 

777 

0.20 

2.  14 

450 

-150 

0.05* 

R1 

760 

544 

cf  ~ 

oo 

o 

© 

A 

0.096 

760 

-400 

R2 

760 

415 

0 

0.  1 

760 

-400 

*Data  from  McCumber  and  Sturge  (1963);  from  Kumit,  Abella,  and 
Hartmann  (1966);  (T^  =  935*K  from  specific  heat  measurements). 


Without  the  inclusion  of  this  term  the  theoretical  curve  will  deviate  from  the  ex¬ 
perimental  curve  most  noticeably  in  the  temperature  range  from  80*K  up  to  150*K. 
From  independent  measurements  it  was  found  that  the  excited  levels  within  the 
Rj,  Nj,  and  N2  systems  are  thermalized  (see  Section  9).  These  results  show 
that  the  relaxation  processes  within  the  Nj  and  N2  systems,  although  they  allow 
for  the  thermalization  of  the  levels,  do  not  give  any  relevant  contribution  to  the 
widths  of  the  lines  originating  from  the  Nj  and  levels.  This  fact  implies  that 
these  processes  are  somewhat  slower  than  the  corresponding  processes  within  the 
R  levels. 

The  value  of  0  obtained  from  this  treatment  gives  lifetimes  for  the  S  =  2 
state  of  the  Nj  system  and  for  the  S  =  1  state  of  the  N2  system  of  about 
2.  7  x  10"**  seconds.  (Yen,  Scott,  and  Scott  (1965)  found  a  value  of  5.  7  X  10"*  * 
seconds  for  the  lifetime  of  an  energy  level  of  Er+3  in  LaF3,  51  cm"*  above  the 
ground  state.  ] 

The  a  coefficients  for  the  N  lines  are  greater  in  the  2. 1%  sample.  For  the 

four  lines  of  the  2. 1%  sample,  >  aD  >  a*.  >  aD  and  for  the  0.  94% 

N1  RI  N2  R2 
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sample  aa  > 
K1 


'N, 


N , 


The  0..  coefficients  for  both  N  lines  of  both 


samples  are  almost  the  same. 

The  Debye  temperature  used  for  the  N  linewidths  is  the  same  as  the  Debye 
temperature  determined  from  specific  heat  measurements.  The  lower  effective 
Debye  temperature  used  for  the  R  linewidths  indicates  that  the  single  ions  are 
affected  more  by  lower  frequency  phonons. 

The  temperature  dependence  of  the  lineshifts  was  fitted  in  the  following  way. 
For  both  the  samples  all  the  curves  shown  in  Figure  25  were  fitted  by  using 
Eq.  (106)  with  T^  =  450*K  and  all  /3J\  =  0.  The  T^  used  by  McCumber  and 
Sturge  for  the  lineshift  data  in  lightly  doped  ruby  was  760*K.  The  a  coefficients 
are  all  negative,  which  indicates  a  shift  toward  lower  energy  with  increasing  tem¬ 
perature.  The  a  coefficients  are  the  same  for  both  samples  and  j  j  = 

>  j  |  >  j  j  .  These  are  all  smaller  than  the  absolute  values  of  the  coeffi¬ 


cients  used  by  McCumber  and  Sturge. 


9.  RESULTS  AND  DISCUSSION  OF  RELATIVE  INTENSITY  MEASUREMENTS 

Relative  intensity  measurements  were  made  on  the  no -phonon  lines  of  heavily 
doped  ruby  from  13*K  up  to  400*K.  The  purpose  of  these  measurements  was  two¬ 
fold:  (1)  the  establishment  of  energy  level  systems  for  Cr3+  pairs  in  ruby,  and 
(2)  the  study  of  the  interactions  between  single -ion  and  pair  systems  in  crystals. 

In  order  to  establish  the  energy  levels  for  the  pair  systems,  the  relative  in¬ 
tensities  of  all  the  no-phonon  lines  of  a  sample  with  a  2.1%  chromium  (No.  3  in 
Table  5)  were  measured  at  various  temperatures.  For  studying  the  energy  trans¬ 
fer  from  single  ions  to  pairs,  the  thermal  dependences  of  the  intensity  ratios  of 
the  R  and  N  lines  were  obtained  for  the  2. 1%  sample  and  a  sample  with  0.  94% 
chromium  (No.  2  in  Table  5). 

The  experimental  apparatus  used  was  the  continuous  fluorescence  equipment 
described  in  Section  4.  The  intensities  of  all  the  pair  lines  were  obtained  by 
scanning  the  continuous  spectrum  using  a  monochromator  slit  width  of  20  n  (see 
Figure  19).  The  results  are  listed  in  Table  15.  The  intensities  of  the  R  and  N 
lines  were  obtained  by  scanning  slowly  over  each  line  using  various  settings  for 
the  monochromator  slit  widths.  The  results  are  listed  in  Tables  16  and  17. 


iftvm 
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Table  15.  Fluorescence  Intensities  of  Pair  Lines  in  Ruby  with  2.1%  Cr 


A  (A) 

I  at  16°K 

I  at  47. 5 *K 

I  at  92 *K 

I  at  163*K 

6948,56 

4.63 

8.  96 

18.05 

6954. 10 

— 

3.  76 

7.40 

15.46 

6964. 13 

-  -  -  - 

3.51 

5.  36 

9.60 

6969.-55 

— 

16.51 

19.  99 

19.  91 

6978.  37 

-  -  -  - 

12.00 

19.69 

26.  98 

6979.44 

37.0 

16.  50 

11.  30 

13.  70 

698  7.  74 

.... 

61.08 

39:46 

31.  76 

698  9.  38 

113.0 

56.  17 

30.87 

33.  95 

6996.80 

41. 7 

20.01 

14.  35 

17.  33 

7001.81 

229.  9 

37.  67 

14.  12 

15.07 

7008.84 

1409.0 

298.00 

109.49 

83.24 

7029. 50 

33.  5 

13.  42 

5.  36 

-  1 

7040.63 

1305.0 

599.00 

187.07 

70.27 

705  3.  16 

521.0 

265.68 

62.57 

32.54 

S 

Resolution:  0.  3A 


Table  16.  Relative  Intensities  of  the  R  and  N  Lines  in  Ruby  with  2. 1%  Cr 


T  (°K) 

^CK)’1 

\ 

IR1 

s 

lRz 

\ 

S 

s. 

\ 

14 

0.0755 

0.02 

0.02 

0.874 

21 

0.0475 

0.004 

0.002 

29 

0.0345 

0.02 

0.03 

0.667 

42 

0.0235 

0.04 

0.07 

0.018 

0.033 

0.  546 

62 

0.0160 

0.  495 

74 

0.0135 

1.18 

0.21 

0.055 

0.113 

0.574 

80 

0.0125 

0.12 

0.27 

0.  587 

96 

0.0105 

0.  33 

0.70 

0.  166 

0.254 

0.654 

117 

0.0085 

0.57 

0.68 

0.  304 

0.  368 

0.829 

132 

0.0075 

0.73 

0.8  3 

0.437 

0.500 

0.875 

155 

0.0065 

1.19 

1.15 

0.  754 

0.720 

1.038 

184 

0.0055 

2.14 

1.80 

1.099 

0.924 

1.190 

301 

0.0030 

3.07 

1.96 

1.601 

1.023 

1.515 

311 

0.0030 

3.45 

2.87 

1.609 

1.340 

1.201 

400 

0.0025 

4.78 

3.69 

3. 121 

2.410 

1.292 

Resolution: 


0.07A  for  T  <  74*K 

0. 15A  for  80*K  <  T  <.  184*K 

0.  30A  for  T  >  301*K 


Table  17.  Relative  Intensities  of  the  R  and  N  Lines  in  Ruby  with  0.  94%  Cr 


T  CK) 

l(-K)-1 

Iri 

Iri 

Ir2 

Ir2 

lN2 

s 

lN2 

S 

lN2 

\ 

20 

0.0515 

0.27 

0.09 

0.051 

0.017 

3.077 

25 

0.0390 

0.  23 

0.09 

0.074 

0.029 

2.  528 

47 

0.0210 

0.20 

0.13 

0.  134 

0.088 

1.520 

70 

0.0145 

0.  31 

0.29 

0.  201 

0.019 

1.049 

82 

0.0125 

0.42 

0.41 

0.289 

0.  277 

1.045 

92 

0.0110 

0.  46 

0.47 

0.  367 

0.  376 

0.  986 

108 

0.0095 

0.55 

0.  54 

0.  411 

0.403 

1.020 

117 

0.0085 

0.  83 

0.68 

0.  534 

0.436 

1.227 

128 

0.0080 

1.03 

0.86 

0.768 

0.590 

1.212 

138 

0.0070 

1.  28 

1.08 

0.  798 

0.  681 

1.189 

148 

0.0065 

1.45 

1.06 

1.020 

0.740 

1. 366 

175 

0.0055 

1.62 

1.62 

1.125 

1. 136 

1.000 

178 

0.0055 

1. 90 

1.21 

1. 330 

1.665 

1.534 

199 

0.0050 

2.26 

2.43 

1.555 

1.670 

0.  931 

224 

0.0045 

3.08 

2.53 

4.400 

1.776 

1.739 

308 

0.00  30 

5,  67 

4.66 

4.  680 

7.080 

1.806 

Resolution:  0.07A  for  T  £  69.5*K 
0.  15A  for  T  2.  81. 5*K 


9.1  Conalruction  of  the  Energy  Level  Systems  and  Assignments  of  Transitions 

As  was  mentioned  in  Section  2,  Kisliuk  and  Krupke  (1965)  used  Daly's  (1961) 
monochromatic  excitation  data  and  the  recurrence  of  previously  established  ground 
state  splittings  (Kisliuk  et  al. ,  1964)  to  construct  energy  level  diagrams  and  assign 
observed  lines  to  transitions  within  the  second  and  fourth  nearest  neighbor  pair 
systems.  From  the  measurements  of  the  relative  intensities  of  the  fluorescence 
lines,  it  was  possible  to  establish  similar  energy  level  diagrams  for  the  two  pair 
systems  and  assign  the  observed  lines  to  specific  transitions.  Two  facts  were 
used  in  interpreting  the  results  of  the  relative  intensity  measurements:  (1)  the 
intensities  of  the  fluorescence  lines  originating  from  the  same  level  have  the  same 
temperature  dependence,  and  (2)  the  intensities  of  the  fluorescence  lines  originat¬ 
ing  from  different  levels  in  thermal  equilibrium  obey  the  relationship 


=  Const. 

h 


(107) 


The  relative  intensities  of  the  R  and  N  lines  listed  in  Tables  16  and  17  are 
plotted  versus  1/T  in  Figure  27.  At  high  temperatures,  these  results  show  that 


80 


the  R 


R2,  Nj.  and  N2 


metastable  levels  are  in 
thermal  equilibrium. 

The  deviation  of  these 
intensity  ratios  from  a 
Boltzmann  dependence 
at  low  temperatures  is 
discussed  in  the  next 
section.  The  temperature 
dependences  of  the  rela¬ 
tive  intensities  of  the 
various  other  pair  lines 
listed  in  Table  15  are 
shown  in  Figures  28  and 
29.  From  the  results 
shown  in  these  three  fig¬ 
ures,  the  energy  levels 
for  the  two  pair  systems 
can  be  established  and 
pair  lines  can  be  assigned 
to  specific  transitions. 

The  results  are  shown  in 
Figure  30. 

Starting  with  the  well- 
known  R  line  transitions, 
thermalization  of  relative 
intensities  fixed  the  levels 
involved  in  the  Nj  and  N., 
transitions.  These  and 
other  pair  levels  estab¬ 
lished  by  thermalization 
measurements  are  indi¬ 
cated  by  a  T.  Then,  lines 
with  constant  intensities  relative  to  these  lines  established  by  thermalization  were 
assigned  to  specific  transitions.  This  fixed  the  ground-state  levels  marked  with  A. 
Three  or  more  lines  having  the  same  temperature  depenaonce  and  differing  in  en¬ 
ergy  by  amounts  equal  to  certain  ground  state  splittings  were  used  to  establish  the 
excited  states  marked  with  B.  A  number  of  other  observed  lines  which  were  not 
well  enough  resolved  to  obtain  an  accurate  temperature  depencence  were  assigned 
to  specific  transitions  by  considering  their  qualitative  change  with  temperature  and 


Figure  28.  Relative  Intensities  of  Second  Nearest 
Neighbor  Pair  Lines  in  Ruby 
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the  established  energy 
splittings  (see  Table  6). 

These  assignments,  al¬ 
though  based  mainly  on 
those  lines  whose  tem¬ 
perature  dependences 
could  be  measured  ac¬ 
curately,  established 
the  energy  level  scheme 
on  a  firmer  ground. 

The  results  obtained 
are  consistent  with 
those  of  Kisliuk  and 
Krupke  (1965).  For  the 
Nj  pair,  four  ground 
state  levels  and  the  four 
excited  state  levels 
were  established. 

Twelve  lines  were  as¬ 
signed  to  transitions 
between  various  sets 

of  levels  in  this  system.  One  of  them,  the  6978.  4A  line,  was  not  assigned  by  pre¬ 
vious  workers. 

The  more  closely  spaced  levels  belonging  to  the  N2  pair  system  made  accurate 
intensity  measurements  more  difficult  for  these  lines.  For  this  system,  only  three 
of  the  four  levels  of  the  ground  state  and  three  of  the  six  levels  of  the  excited  state 
were  firmly  fixed.  The  other  levels  established  by  Kisliuk  and  Krupke  are  marked 
by  K.  Also,  only  twelve  transitions  were  assigned  within  the  N2  system  where 
Kisliuk  and  Krupke  assigned  eighteen. 

At  least  seven  lines  not  assigned  previously  were  observed  near  the  R  lines 
(see  Table  6).  These  lines  are  too  closely  spaced  to  obtain  accurate  intensity 
measurements.  However,  by  virtue  of  their  general  change  with  temperature  and 
their  energy  splittings  compared  with  the  ground  states  of  the  pair  systems,  it 
seems  quite  reasonable  to  assign  at  least  three  of  these  lines  to  specific  transitions. 
These  transitions  establish  a  new  excited  state  level  in  the  N2  pair  system  which 
falls  between  the  Rj  and  R2  metastable  levels  and  is  marked  by  a  D  in  Figure  30. 
This  is  consistent  with  the  observation  by  Daly  (1961)  of  fluorescence  at  the  N2  line 
while  exciting  at  a  frequency  between  the  Rj  and  R2  lines.  The  position  of  this 
new  level  may  be  useful  in  explaining  the  energy  transfer  between  single  ions  and 
pairs  as  discussed  in  the  following  section. 


K  bo  wo 
T  l*K) 


Figure  29.  Relative  Intensities  of  Fourth  Nearest 
Neighbor  Pair  Lines  in  Ruby 
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9,2  Energy  Transfer  Between  Single-Ion  and  Pair  Systeas:  Relative  Intensities  of  the  R  and  N  Lines 

As  mentioned  in  Section  2,  the  transfer  of  energy  from  single  ions  to  pairs 
has  been  observed  in  various  ways.  Schawlow  and  co-workers  (1959)  first  sug¬ 
gested  the  presence  of  energy  transfer  from  single  ions  to  pairs  because  the  in¬ 
crease  in  the  relative  intensity  of  the  N2-line  to  the  Rj  line  as  a  function  of  con¬ 
centration  was  observed  to  be  greater  than  linear  above  about  0,  3%  chromium. 
Wieder  and  Sarles  (1961)  excited  a  sample  of  heavily-doped  ruby  with  the  Rj 
emission  of  a  ruby  laser  and  observed  the  fluorescence  in  the  N  lines  thus  ex¬ 
plicitly  demonstrating  the  energy  transfer  from  single  ions  to  pairs.  Imbusch 
(1966)  investigated  this  energy  transfer  by  measuring  the  lifetimes  at  the  R  and 
N  lines.  He  concluded  that  the  energy  transfer  comes  from  the  main  body  of 
chromium  ions  and  not  just  from  the  ions  located  near  the  pairs.  He  also  found 
that  this  transfer  becomes  very  efficient  at  concentrations  of  about  1.0%  Cr^Oy 

The  relative  intensities  of  the  Rj,  R2,  Nj,  and  N2  lines  shown  in  Figure  27 
also  contain  information  about  the  coupling  of  the  single  ion  and  pair  systems. 

These  curves  for  the  two  samples  are  indicative  of  the  temperature  and  concen¬ 
tration  dependence  of  the  energy  transfer  mechanism.  The  fact  that  the  departure 
from  thermalization  occurs  at  a  higher  temperature  in  the  0.  94%  sample  than  in 
the  2.1%  sample  and  that  for  each  line  the  amount  of  deviation  from  thermaliza¬ 
tion  is  greater  in  the  less  doped  sample  shows  that  the  coupling  of  the  R  and  N 
systems  is  greater  for  the  more  heavily  doped  sample.  The  deviation  from  ther¬ 
malization  occurs  at  about  68 *K  for  the  2. 1%  sample  and  91  *K  for  the  0.  94%  sam¬ 
ple.  The  intensities  of  the  lines  within  each  pair  system  are  observed  to  remain 
thermalized  even  at  low  temperature,  thus  giving  additional  evidence  of  the  exist¬ 
ence  of  separate  systems. 

One  possible  mechanism  which  can  explain  the  observed  characteristics  of  the 
energy  transfer  between  the  R,  Nj,  and  N2  systems  is  cross -relaxation,  which 
implies  that  a  transition  in  one  direction  in  one  system  is  accompanied  by  a  transi¬ 
tion  in  the  opposite  direction  in  another  system.  Any  energy  mismatch  of  the  two 
transitions  can  be  balanced  by  phonon  processes.  The  level  in  the  N-,  pair  system 
which  was  found  between  the  Rj  and  R2  excited  levels  could  be  used  with  minimum 
energy  mismatch  in  cross -relaxation  between  single -ion  and  pair  systems.  We 
also  notice  that  the  Nj  line  was  observed  in  fluorescence  by  Daly  (1961)  when  ex¬ 
cited  at  a  level  slightly  above  the  R2  level.  This  result  is  consistent  with  the  ex¬ 
citation  measurements  reported  in  Section  7.  This  level  could  play  a  role  in  the 
energy  transfer  between  the  R  and  the  Nj  systems  with  minimum  energy  mis¬ 
match.  The  nature  of  this  transfer  mechanism  has  been  investigated  by  Imbusch 
(1966)  who  noted  some  experimental  findings  of  its  quadrupole-quadrupole  character. 
Our  experimental  evidence  that  the  R  and  N  levels  are  thermalized  over  a  range  of 
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temperatures  is  an  additional  proof  that  the  transfer  is  nonradiative. 

Consider  the  simplified  model  of  cross -relaxation  between  two  systems  of 
ions  shown  in  Figure  31  where  systems  A  and  B  represent  the  R  and  N  systems, 
respectively.  The  rate  equations  for  the  populations  of  the  various  levels  can  be 
written  as  follows  (Seigman,  1964): 


N2  -  WN1  -  A21N2  ♦  n^^JL-N^Jk 

Ni  *  -N, 

"2  =  -n2A21  -n2Nl^+  *2*1^ 
n,  =  -  n2 


U08) 


(109) 


In  the  above  equations,  the  assumptions  have  been  made  that  the  radiationless 
decay  from  the  absorption  band  in  system  A  to  level  2  is  extremely  fast  and  that 
system  B  is  pumped  only  through  cross -relaxation  from  system  A.  Cross -relaxation 
between  the  two  systems  in  the  simple  scheme  shown  in  Figure  31  can  take  place 
only  with  the  assistance  of  phonons  of  energy  equal  to  the  energy  gap  between 
level  2  of  system  A  and  level  2  of  system  B,  designated  AE22>  Because  of  this 


till  //////////////'  //////////, 


Figure  31.  Cross-relaxation  Between  Two  Fluorescent  Systems 
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emission  and  absorption  of  phonons  concurrent  with  the  cross -relaxation  process, 
we  may  expect  that 

bfcr  aE22/KT.  (HO) 

“cr  =  6 

The  more  complicated  scheme  having  an  additional  level  3  in  system  B  with  about 
the  same  energy  of  level  2  of  system  A  would  require  the  presence  of  phonon  ex¬ 
citation  and  relaxation  processes  between  levels  2  and  3  of  B,  resulting  in  a  sim¬ 
ilar  temperature  dependence  of  the  cross -relaxation  probabilities. 

Equations  (108)  and  (109)  can  be  solved  for  equilibrium  conditions  with  the  as¬ 
sumptions  that  Nj  —  N  and  n}  —  n.  The  results  are 


(111) 


(112) 


The  intensity  of  a  fluorescence  line  is  proportional  to  the  population  of  the 
level  from  which  it  originates.  Thus,  Eq.  (112)  should  explain  the  relative  inten¬ 
sity  curves  shown  in  Figure  27.  At  high  temperatures,  the  observed  thermaliza- 
tion  of  the  R  and  N  levels,  as  seen  in  Figure  27,  implies  that  A'21  <<  u'cr  IS. 

In  Eq.  (112),  the  second  term  is  predominant.  Substituting  Eq.  (110)  into 
Eq.  (112)  gives  (for  high  temperatures) 

Hi. a  e’A1VKT.  (n3) 

n2  " 


This  indicates  that  the  ratio  1^/1^  will  be  proportional  to  a  Boltzmann  factor  at 
high  temperatures  as  observed  experimentally.  It  also  predicts  that  should 

be  greater  for  the  less  concentrated  sample;  this  concurs  with  the  experimental 
results. 
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At  low  temperatures,  u'cr  is  expected  to  be  very  small  and  the  first  term  in 
Eq.  (112)  is  predominant.  In  this  region,  I^/I^  will  be  proportional  to 

(114) 

The  temperature  variation  in  this  region  may  be  considered  to  be  due  mainly  to  the 
variation  of  a>cr.  The  relevant  times  for  the  cross  pumping  can  be  seen  from  Fig¬ 
ure  27  to  be  in  the  order 

Tcr  (Rl-Nl)>  Tcr  (R,-N2)>Tcr  (Rj-N,)  >  T„  (Rj-N2)  .  (115) 

where  r"*  ~  «  .  The  above  relation  implies  that,  at  low  temperatures,  the  Nj 

level  is  pumped  less  than  the  N2  level;  this  agrees  with  the  dependence  of  the 

ratio  on  temperature  (see  Figure  27).  This  relation  also  implies  that  the 

1 

pumping  of  the  N  levels  through  the  R^  level  is  more  efficient  than  pumping  through 
the  Rj  level. 

In  the  above  considerations,  it  is  assumed  that  direct  pumping  of  the  N  levels 
from  the  absorption  bands  affects  both  N  levels  by  the  same  amount.  Evidence  of 
direct  pumping  from  the  bands  is  found  from  fluorescent  lifetime  measurements 
and  is  discussed  in  the  next  section. 
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10.  RESULTS  AND  DISCUSSION  OF  FLUORESCENT  LIFETIME  MEASUREMENTS 

Fluorescence  decay  measurements  were  made  on  three  ruby  samples  from 
13*K  up  to  700*K.  Measurements  were  made  at  the  Rj  line  of  a  sample  with 
0.03%  chromium  (No.  1  in  Table  5)  and  at  the  Rj,  R2,  Nj,  and  N2  lines  and  the 
7750  A  band  in  the  0.94%  and  2. 1%  samples  listed  as  Nos.  2  and  3  in  Table  5, 
respectively.  The  comparison  of  the  results  for  the  three  samples  gives  more 
information  about  the  energy  transfer  from  single  ions  to  pairs. 

The  experimental  apparatus  used  for  these  measurements  was  described  in 
Section  4.  The  time  resolution  of  the  apparatus  was  about  13  nsec.  Five  pictures 
were  taken  of  each  fluorescence  decay  and  an  average  decay  time  was  determined. 

10.1  Experimental  Results 

The  measured  lifetimes  at  the  Rj  line  of  the  0.  03%  sample  are  listed  in 
Table  18.  They  are  plotted  versus  temperature  in  Figure  32  along  with  the  results 
obtained  by  Nelson  and  Sturge  (1965)  for  very  thin,  dilute  samples  with  negligible 


reabsorption  lengthening.  The  rapid  decrease  in  the  lifetime  above  300*K  is  due 
to  the  Increasing  importance  of  vibronic  processes.  Below  this  temperature  the 
lifetimes  of  the  0.03%  sample  are  observed  to  be  lengthened  due  to  reabsorption 
(Varsanyi  et  al.,  1959). 

Table  18.  Fluorescent 
Lifetimes  at  the  R,  Line 
in  Ruby  with  0.  03%Cr 


The  decay  times  measured  at  the  Rj,  R2,  Nj,  and  N2  lines  of  the  2.1%  and 
0.  94%  samples  are  listed  in  Tables  19  and  20,  respectively.  They  are  shown 
plotted  versus  T  in  Figure  33. 

For  temperatures  in  the  thermalization  range  all  the  lines  present  a  purely 
exponential  decay  with  the  same  time  constants.  For  the  2. 1%  sample  all  the  life¬ 
times  coincide  and  increase  from  0.04  msec  at  700*K  to  2  msec  at  350*K  and  de¬ 
crease  as  the  temperature  is  lowered  further.  For  the  0.  94%  sample  all  the  life¬ 
times  coincide  and  increase  from  700*K  to  a  maximum  of  3. 5  msec  at  250*K  and 
decrease  slightly  as  the  temperature  iB  lowered  further. 

At  temperatures  lower  than  the  one  at  which  thermalization  ceases  (68*K  for 
2.  1%  sample  and  91  *K  for  0. 94%  sample)  the  R  lines  continue  to  present  a  purely 
exponential  decay  whereas  the  N  lines  present  an  initial  rise  in  their  fluorescence. 
The  time  tmax  at  which  the  maximum  occurs  increases  as  the  temperature  is  low¬ 
ered  and  is  larger  for  the  0.  94%  sample.  The  values  of  tmax  are  given  in  Table  21. 
The  experimentally  observed  decay  times,  shown  in  Figure  33  for  Nj  and  N2  at 
low  temperatures,  are  the  decay  times  of  the  tail  occurring  after  the  initial  rise. 
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The  lifetimes  at  the  band 
near  7750  A  are  also  listed  in 
Tables  1 9  and  20  and  are 
shown  in  Figure  34.  Above 
400  *K  the  lifetimes  coincide 
with  those  at  the  R  lines. 
Below  this  temperature  a 
double  decay  is  observed  in 
the  0.  94%  sample  with  the 
longer  lifetime  equal  to  that 
at  the  R  lines.  For  the  2.  1% 
sample  an  initial  rise  in  the 
fluorescence  is  observed 
with  the  tail  of  the  fluores¬ 
cence  showing  a  decay  time 
equal  to  the  lifetime  at  the 
R  line.  Also  in  this  case 
tmax  increases  as  the  tem¬ 
perature  is  lowered  (see 
Table  21).  The  decay  times 
shown  in  Figure  34  for  the 
2.1%  sample  at  low  temper¬ 
atures  are  the  decay  times 
of  the  fluorescence  tail. 

Figure  35  shows  typical 
pictures  for  the  various  types 
of  decays.  The  results  of  the 
lifetime  measurements  shown  in  Figures  32  to  34  are  consistent  with  results  ob¬ 
tained  previously  by  Tolstoi  and  Tkachuk  (1959).  The  change  in  the  lifetime  at  the 
R  lines  with  concentration  is  consistent  with  the  results  reported  by  Deutschbein 
(1962)  and  by  Brown  (1964)  at  300’K  and  77*K. 

10.2  Interpretation  of  Results 

The  results  of  the  lifetime  measurements  give  further  information  about  the 
energy  transfer  from  single  ions  to  pairs.  The  fact  that  for  both  heavily  doped 
samples  all  the  lifetimes  coincide  at  high  temperatures  where  pure  exponential 
decays  were  observed  indicates  that  the  upper  levels  of  the  various  transitions 
are  in  thermal  equilibrium.  The  deviation  of  the  decays  of  the  N  lines  and 

t 

7750  A  band  from  pure  exponentials  at  low  temperatures  indicates  that  thermali- 
zation  no  longer  exists.  These  observations  are  consistent  with  the  results  of  the 
relative  intensity  measurements  discussed  in  the  previous  section. 
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Figure  32.  Fluorescent  Lifetimes  at  the  Rj  Lines 
of  Ruby  (3.76  mm)  with  0. 03%Chromium.  The  re¬ 
sults  shown  for  negligible  reabsorption  are  from 
the  data  of  Nelson  and  Sturge  (1965) 


Table  19.  Fluorescent  Lifetimes  in  Ruby  with  2. 1%  Cr 


td  (msec) 
R1 

tr  (msec) 
“2 

Tfj  (msec) 
W1 

(msec) 

N2 

1. 48 

0.93 

■'MM 

1.49 

0.84 

0.69 

0.69 

1.  35 

0.41 

0.  66 

6.  73 

1.  10 

0.83 

0.60 

0.63 

0.  98 

0.  79 

0.64 

0.62 

0.86 

0.  75 

0.  71 

0.76 

0.  79 

0.  73 

0, 78 

0.80 

0.82 

0.  76 

0.  81 

0.  74 

0.  75 

0.  94 

0.95 

0.88 

0.  95 

1.04 

1.06 

1.04 

0.97 

1. 23 

1.23 

1.17 

1.23 

1.  33 

1. 29 

1.  28 

1. 21 

1.  33 

1.  37 

1.  32 

1. 63 

1.62 

1.  55 

1.61 

1.63 

1. 71 

1. 49 

1.55 

1.85 

1.85 

1.  75 

1.87 

1.85 

1. 90 

1.  16 

1.17 

1.11 

0.04 

0.04 

0.04 

Table  20.  Fluorescent  Lifetimes  in  Ruby  with  0.94%  Cr 


T  CK) 

tr^  (msec) 

tp  (msec) 
R2 

Tj^  (msec) 

(msec) 

w2 

T7750A  <msec) 

H 

2.  53 

2.50 

2.84 

2.  73 

1.29,  2.17 

2.56 

2.56 

2.  85 

2.63 

1.30,  2.31 

65 

2.  60 

2.60 

2.83 

2.76 

1.62,  2.61 

81 

2.  60 

2.63 

2.81 

2.  76 

1.70,  2.56 

93 

2.  60 

2.68 

2.85 

2.66 

1.68,  2.40 

104 

2.61 

2.61 

2.80 

2.82 

1.71,  2.44 

114 

2.  61 

2.73 

2.89 

2,82 

1.89,  2.58 

128 

3.  00 

3.0  3 

2.  96 

3.  00 

2.05,  2.87 

140 

3.  00 

3.00 

2.88 

2.91 

1.72,  2.88 

160 

3.  06 

3.11 

2.  91 

2.  92 

2.03,  3.18 

181 

3.  20 

3. 17 

2.  91 

2.  90 

1.95,  2.96 

mvkm 

3.  32 

3.  30 

3.03 

2.  99 

2.06,  3.25 

3.42 

3.  38 

3.  31 

3.25 

1.78,  3.15 

252 

3.  56 

3.57 

3.  34 

3.  33 

1.93,  3.41 

296 

3.  21 

3.22 

3.00 

3.  05 

1.92,  3.21 

350 

3.  68 

3.68 

3.  32 

3.  22 

2.00,  3.12 

400 

2.  81 

2.86 

2.  70 

2.77 

2.  25 

450 

2.08 

2.03 

2.02 

2.00 

1. 90 

500 

1. 47 

1.50 

1.  50 

1.  50 

1. 44 

5  78 

0.  52 

0.52 

0.42 

0.52 

0.60 

670 

0.  17 

0.22 

0.  16 

0.  16 

0.  14 
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Figure  33.  Fluorescent  Lifetimes  at  the  R  and  N  Lines  in  Ruby  with  2. 1%  Chromium 
(4.  26  mm)  and  0.  94%  Chromium  (0.  97  mm).  For  the  N  lines  below  100*K  for  the 
0.  94%  sample  and  77*K  for  the  2. 1%  sample  the  experimental  points  are  the  decay 
times  after  an  initial  rise  in  fluorescence 


Table  21.  Measured  Values  of  tmax 


Sample 
(%  Cr) 

T  CK) 

tmax  (sec) 

N1 

N2 

7  7  50 A 

2. 1 

10 

80 

300 

© 

*— • 

O  O  X 

►— 

o 

1 

0.07  X  10“3 

0 

0 

fO  CO 

•  1 
o  o 
— *  ^ 

X  X  O 

o  o 

©  d 

0.94 

15 

77 

102 

112 

0.  27  X  10-3 

0.  25  X  10-3 

0.  14  X  10-3 

0. 14  X  10"3 

0.  26  X  10-3 

0.  25  X  10'3 

0. 10  X  10"3 

0 

Double 

Decay 

Accuracy;  ±0,03  X  10  ^  sec 
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Figure  34.  Fluorescent  Life¬ 
times  at  the  7750A  Band  in 
Ruby  with  2. 1%  Chromium 
(4.26  mm)  and  0.94%  Chro¬ 
mium  (0.97  mm).  Below 
300 *K  the  experimental  points 
for  the  2. 1%  sample  are  the 
decay  times  after  an  initial 
rise  in  fluorescence.  The 
0.  94%  sample  has  a  double 
decay  below  400*K 
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Figure  35.  Examples 
of  Different  Types  of 
Decays:  (a)  Pure 
Exponential  Decay, 

(b)  Initial  Rise, 

(c)  Double  Decay. 

The  pulse  duration 
used  to  obtain  these 
pictures  was  about 

1 3  psec 


The  thermal  dependence  of  the  lifetimes  of  heavily  doped  ruby  in  the  tempera¬ 
ture  range  where  the  systems  are  thermalized  can  be  explained  as  follows.  Con¬ 
sider  the  two  fluorescence  systems  interacting  through  cross -relaxation  shown  in 
Figure  31.  The  rate  equations  for  the  populations  of  these  levels  were  given  in 
Eqs.  (108)  and  (109)  as 

N2  =  WN  -  A21N2  +  n2  X  »'cr  -  N2  wcr 

*2  m  •  -2A,21  •  n2  |  “cr  +  N2  “cr  >  11161 

where  the  assumptions  have  again  been  made  that  Nj  ~  N  and  nj  ~  n.  Taking 
the  time  at  the  end  of  the  exciting  pulse  to  be  t  =  0,  the  Laplace  transforms  of 
these  equations  for  t  >  0  are 


SN?  -  N,  (0)  =  -  08,  +  P'  n 


cr  2 


Sn2  -  n2  (0)  =  pcrN2  - 


where 


"  =  ?  “cr  +  A 21  "  P 


21  =  p  cr  +  A21 


0  =  +  A?1  =  Por  +  A; 


p  =  w 
Kcr  cr 


p'  =  «»  ii 
*cr  cr  n 


The  Laplace  transform  of  n2  is  TI2. 

The  value  of  n2  at  the  end  of  the  exciting  pulse  is  n2(0). 


Equations  (1 1 7)  can  be  solved  to  give 


B-  _  N2(0)  (S+  a)  +  n2(0)  p*P.r  _  N2(0)  (S  +  a)  +  n2  (0)  p'cr 
2“  (S+  oMS+0)  -PcrP'cr  "  (S-Sj)(S-S2) 


N2(0)  p„r  +  n2  (0)  (S+  0)  _  N2(0)  pRr  +  n2(0)  (S+  0) 

n  rL  . — rft"; — ,  ”  7n  «  t  «  v 


2  (S+  a)  (S+  0)  -  pcr  p'cr 


(S-S,)  (S  -s2) 


I 


94 


where  Sj  and  S2  are  the  roots  of  the  equation 


(S  +  a)  (S  +  0)  -  pcr  p'cr  =  S2  +  (a  +  0)  S  +  (o0  -  pcr  p'cr>  =  0  .  (120) 


This  has  the  solution 


_  -  (a  +  0)  *  J(a  +  0)2  -  4  (g0  -  pcr  p  crT 


(121) 


The  right-hand  sides  of  Eq.  (119)  can  be  separated  into  two  parts  by  raeanB  of 
partial  fractions.  The  results  are 


N2(0)(Sj  +  0)  +  n2(0)p'cr 
S1  -S2 

N2(0)  (S2  +  a)  +  n2  (0)  p'cr 
S2-Sl 


1 


s  -  s. 


n2(0)(Si  +  P)  +  N2  (0)  Pf;r 


si-s2 


s  -  s. 


n2(0)  (S2  +  0)  +  N2  (0)  Pcr 


S2-Si 


s  -  s. 


(122) 


The  inverse  Laplace  transforms  of  these  equations  are 


S,t 


N  (t)  =  N2(0)(Sl+  °>  +  n2(0)  P'cr  e  1 


si  -s2 


,  N2(0)  (S2  4  a)  +  n2(0)p*rr  V 


S2-Si 


S.t 


n  (t)  =  n2(0)(Sl^  0)  +  N2(0)  pCI.  e  1 
2  S1  "  S2 


S,t 


+  n2(0)(S2+  0)  +  N2(0)  pcr  ^2 
S2  "  S1 


(123) 


i 


. . .  """" 
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Now  consider  the  situation  when  the  radiationless  transitions  between  the 
excited  levels  are  much  more  probable  than  radiative  transitions  to  the  ground 
state,  that  is, 


Per'  Per  >5>  A21  ■  A 


024) 


21 


In  this  case  Sj  and  S2  can  be  found  expanding  the  radical  in  Eq.  (121). 
S  a  -  (<*+  a)  ±  (<*  ±  3)  I"  i  _  2  A.'si  pgr  +  AlLP_c.t.  1 

2  2  L  (o+  /3)2  J 

2  _/ ^21  Per  +  ^21  Per  \ 
y  Pcr  +  pcr  J 

SZ  ~  -  (P'cr  +  Per)  ’ 


s 


Substituting  these  values  into  Eq.  (123)  gives 


N2(t)  = 


N2<0)  Per  +  n2 (°)  P'cr 


P  +  P' 
cr  ^  cr 


n2  <°)  Per  ~  N2  (0)  Per 


n2(t) 


P  +  p' 
*cr  K  cr 


n2  (°)  Per  +  n2(0>  Per 


P  +  p' 
*cr  *cr 


N2(Q)  pcr  -  n2  (0)  p'cr 


P  +  p' 
*cr  *cr 


,-pt 


-(PCr+  P'cr^ 


,-pt 


-  (p„_  +  p'  )  t 
r  cr  cr 


(125) 


(126) 


where 


Per  *  ^-21  P'cr 

p'  +  p 

^cr  *cr 


(127) 


If  a  Boltzmann  distribution  has  been  established  in  the  two  metastable  levels 
by  the  time  t  =  0,  then 
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N2(0)  =  _  *  e"  AE22/KT 

n2<°)  Per  n 

Substituting  this  into  Eq.  (126)  gives 

N2(t)  =  N2<0)  t*pt 
n2(t)  =  n2(0)  e’pt 


(128) 


(129) 


where  p  is  given  by  (127).  This  shows  that  levels  in  thermal  equilibrium  decay 
with  the  same  decay  time.  This  common  decay  time  can  be  written  as 


P 


ae22/kt 


JL 


1  +  n  e 
1  +  N  e 


AG  22  /KT 


_i_ 


1  + 


AE22/KT 


where 

TN1  =  A21  ’ 
tR  s  A2 1  • 


(130) 


Using  Eq.  (128),  Eq.  (130)  can  also  be  expressed  as 


±  _  _ n2  (°)  ,  _J _ N2(0) 

t  “  tn  N2(0)+  n2(0)  tr  N2(0)+  n2(0) 


Thus, 


oc  nR(0)  +  nN<°> 

tr+n  tr  tn 


nN  (0) 

nR(°) 


(131) 


Thus,  the  lifetime  of  the  coupled  system  will  depend  on  concentration  and 
temperature.  The  intrinsic  lifetimes  of  the  Nj  and  N2  lines  at  77*K  are  1. 3  msec 
and  1 . 1  msec,  respectively  (Imbusch,  1966).  These  lifetimes  are  even  smaller 
between  400*K  and  100*K.  On  the  other  hand  the  R  lifetime  is  larger  and  goes 
from  2  msec  at  400’K  to  4.2  msec  at  100*K  (Nelson  and  Sturge,  1965),  As  the 
temperature  is  lowered  n^  increases  and  the  lifetime  of  the  coupled  R+N  states 
comes  closer  to  the  intrinsic  values  of  the  N  states;  this  explains  the  decrease  of 


the  lifetimes  in  the  400*K  to  100*K  range  (see  Figure  33).  It  also  explains  why  the 
sample  with  less  concentration  has  a  smaller  decrease  after  its  maximum;  this  is 
because  more  of  the  population  resides  in  the  R  levels  in  this  sample  than  in  the 
more  heavily  doped  sample. 

The  behavior  of  the  lifetimes  at  temperatures  lower  than  the  one  at  which 
thermalization  ceases  may  be  explained  by  using  the  rate  equations  given  in  (116) 
by  letting  ~  0. 


(wcr  +  A2l)  N2  + 


ucr  N2  -  A21  n2  • 


Again  taking  the  time  at  the  end  of  the  pulse  to  be  t  =  0,  the  solution  for  Eq.  (132) 
at  t  >  0  is: 


N2(t)  =  N2(0)  e 


where  p3  =  wcr  +  A21  . 

Substituting  this  into  Eq.  (133)  and  taking  the  Laplace  transform  gives 


Sn?-n?(0)  -  W  "A*,.  n? 

2  2  S  +  p3  21  2 


n?(0) 


p3  N,  (0) 


s+a21  (s  +  p3)  (s  +  a'21) 


Taking  the  inverse  Laplace  transform  of  this  expression  gives 


n2(t)  = 


n  (0)  +  N2(0)  e  Azl  1 

2  p3  Aii 

>  - 


‘trNjW  C“P3‘ 

p3-a'2, 


Two  cases  are  of  interest: 


If  the  pulse  is  short  enough  a  maximum  can  occur  for  n,(t)  at  a  time  t 

b  max 

after  the  end  of  the  pulse.  This  is  found  by  setting 


b)3 


■  • 


"2(t>max  =  0 


^2  ^max) 


n?  (0)  +  Ucr  N2(0) 
2  P3  -  A  21 


K ) 


_  a  '  t 
.  n  21  max 


+  Mcr  P3  N^(0)  e~P3  max  a  Q 


P3 

■(P3-  A2l)t 


21 


max 


w  ,  /m  I  utr  A’21  N2(0) 
A  .  n2(0)  +  - — - 

21  2 _ P3  ~  A  2 1 


P3  -  A21 


7-  N,(0) 


or 


max 


A  2 1  '  p3 


In 


f  A  21  +  A  21  (p3 

[  P3  P3  w, 


(P3  -  A  21) 

/  n2  (0)  \ 

P3  wcr 

The  condition  of  obtaining  an  initial  rise  can  be  determined  by  finding 
the  end  of  the  pulse.  This  will  be  the  slope  <  f  the  initial  decay  which  will  be 
positive  number  lor  an  initial  rise  and  an  b  M’t  number  otherwise. 


n2<0>  =  -n2<0)A'21  +  «cpN2<0>. 


Thus  the  condition  for  an  initial  rise  is 


a'  <  ucr  N2<0) 

A2l  n2(0)  • 


B.  Double  Decay 

A  '  >.  r  n  (ft)  ^  wcr  n2  W 

A21  p3  ’  n2'U'  a'  —  • 

A  2 1  p3 


In  this  case  Eq.  (135)  reduces  to 


■  1/t»t  “  t/rR 

n2(t)  =  Ae  "  +  Be  K 


where  A  and  B  are  both  positive,  t^1  =  A21  and  tr*  =  p^ 


(136) 

1  at 
a 

(137) 


(138) 


(139) 


fckSfeid* 
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The  lifetime  of  the  R  levels  in  the  2.  1%  and  0.  94%  samples  at  low  tempera¬ 
ture  is  shorter  than  its  intrinsic  value  (Nelson  and  Sturge,  1965).  This  fact  is  due 
to  the  presence  of  energy  transfer  even  at  low  temperatures  as  confirmed  by  the 
smaller  value  that  this  lifetime  has  at  high  concentration.  At  high  temperatures 
the  cross -relaxation  processes  are  active  only  in  creating  a  thermalization  condi¬ 
tion  and  the  measured  lifetime  is  the  lifetime  of  the  coupled  systems.  On  the  other 
hand,  at  low  temperatures  where  the  R  and  N  systems  are  decoupled,  tr  tends 
to  (  w  +  Ai.V1,  where  u  now  directly  affects  the  lifetime.  Disregarding 

\  CF  Ct  *  J  CF 

reabsorption  effects,  the  transfer  efficiency  near  10*K  is  about  80%  for  the  2.  1% 
ruby  and  about  20%  for  the  0  94%  ruby  where 

n  =  TJB  ~,rB.  ,  (140) 

tr 

and  To  is  found  from  the  data  of  Nelson  and  Sturge  (1965)  shown  in  Figure  32. 

K 

Note  that  this  transfer  efficiency  includes  energy  transfer  from  the  R  levels  to 
all  other  excited  levels. 

The  behavior  of  the  N  decays  at  low  temperatures,  where  an  initial  rise  is 
observed,  can  be  explained  as  due  to  the  presence  of  the  conditions  of  Case  A 
above.  For  both  samples  using  only  the  first  term  in  the  square  brackets  in 
Eq.  (136)  we  find  values  for  tmax  bigger  (within  one  order  of  magnitude)  than 
those  given  in  Table  21 .  These  values  are  given  in  Table  22.  The  second  term 
in  the  brackets  is  negligible  for  both  samples  under  the  assumption  that  the  N 
levels  are  pumped  only  through  the  R  levels.  The  consideration  of  this  first  term 
gives  the  right  trends  for  the  dependence  of  tmax  ori Temperature  and  concentration. 
To  come  closer  to  the  experimental  value,  however,  the  second  term  in  the  brackets 
of  Eq.  (136)  must  be  considered.  The  presence  of  direct  pumping  of  the  N  levels 
from  the  absorption  bands  can  actually  make  this  term  relevant,  increasing  the 
value  of  n,  (0).  The  difference  in  the  values  listed  in  Tables  21  and  22  is  considered 
as  experimental  evidence  of  the  relevance  of  direct  pumping  at  low  temperatures. 
Notice  also  that  for  a  2.1%  sample  the  decays  after  the  rise  have  the  lifetimes  of 
the  N  levels,  whereas  for  the  0.  94%  sample  the  decays  after  the  rise  have  the 
lifetimes  of  the  R  levels.  This  is  due  to  the  fact  that  for  t  large  enough,  only  the 
exponential  with  the  longer  lifetime  persists. 

For  the  band  near  7750A  the  decay  times  for  both  samples  coincide  with  the 
decay  times  for  the  R  and  N  lines  in  the  thermalization  range.  At  lower  tempera¬ 
tures  in  the  2. 1%  sample  an  initial  rise  in  fluorescence  is  observed  with  the  subse¬ 
quent  decay  having  the  R  lifetime.  For  the  0.  94%  sample  a  double  decay  is  ob¬ 
served  at  the  band  with  the  longer  decay  time  being  equal  to  the  R  lifetime. 
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Table  22.  Theoretical  Predictions  for  t _ 

max 


Sample 
(%  Cr) 

T  CK) 

Line 

Pj  (sec-1) 

A'21  (sec-1) 

‘max  <sec>* 

N1 

1.67  X  103 

0.60  X  103 

0.91 x  10-3 

10 

N2 

1.67X  103 

1.11  x  103 

0.  73  X  10"3 

7750A 

1.67  X  103 

0. 77  X  103 

0.86  X  10"3 

2.1 

N1 

1.67  X  103 

1.02  X 103 

0.  30  X  10-3 

73 

N2 

1.67X  103 

1.26  X  103 

0.68  X  10"3 

7750A 

1.67  X  103 

0. 59  X 103 

0.  96  X  10-3 

N1 

0.  40  X  103 

0.60  X  103 

2.00  X  10“3 

15 

N2 

0.40  X  103 

1. 11  X  103 

1.44X  10-3 

0.  94 

81 

N1 

0.  38  X  103 

1.02  X 103 

1.53X  10-3 

N2 

0.  38  X  103 

1. 26  x  103 

1. 35  X  10‘3 

*t  » 
max 


In 


A'; 


These  results  indicate  that  the  initial  level  of  the  band  is  in  thermal  equilib¬ 
rium  with  the  initial  levels  of  the  R,  Nj,  and  N2  systems  at  high  temperatures 
but  not  at  low  temperatures.  The  observed  characteristics  of  the  fluorescence 
decay  fall  into  Case  A  for  the  2. 1%  sample  and  into  Case  B  for  the  0.  94%  sample. 

For  the  2. 1%  sample  (taking  the  shorter  decay  for  the  0.  94%  sample  as  the 
intrinsic  lifetime  of  the  band)  the  consideration  of  the  first  term  in  the  brackets  of 
Eq.  (136)  gives  for  t  a  value  about  30  times  larger  than  the  experimental  value. 
This  seems  to  imply  that  for  the  band  the  direct  pumping  is  very  relevant  at  low 
temperatures.  This  is  also  in  agreement  with  the  fact  that  the  band  and  the  R  sys¬ 
tem  decouple  at  a  higher  temperature  than  the  R  and  N  systems  (see  Figures  33 
and  34).  As  concentration  decreases  the  ratio  N2(0)/n2(0)  becomes  larger,  but 
u  for  the  R  -*  band  transfer  is  smaller.  Apparently,  as  concentration  goes 
from  2.  1%  to  0.  94%  the  decrease  in  «cr  exceeds  the  increase  in  the  N2(0)/n2  (0) 
ratio  shifting  the  conditions  from  Case  A  to  Case  B.  A  similar  effect  was  found 
by  Imbusch  who  observed  a  double  decay  for  the  N  levels  of  a  0.2%  ruby  and, 
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consistent  with  our  measurements,  a  fluorescence  rise  for  the  same  levels  in  a 
1  %  ruby  (Imbusch,  1966). 

10.3  Selective  Lifetime  Experiments 

Selective  lifetime  measurements  were  also  made  on  the  2. 1%  sample  (No.  3 
in  Table  5)  at  300*K  and  78  *K.  The  experimental  arrangement  described  in  Sec¬ 
tion  4.  5  was  used  for  these  measurements.  The  FX-33  flashtube  with  a  100  pf 
capacitor  provided  an  excitation  pulse  of  150  nsec  duration  at  wavelengths  selected 
by  the  Engis  monochromator.  The  McPherson  monochromator  was  used  to  monitor 
the  fluorescence  decay  at  the  Rj,  Nj,  and  lines  and  at  the  7750  A  band  while 
the  sample  was  pumped  iA  the  two  large  absorption  bands,  the  B  lines,  and  the 
"pair  band." 

The  results  of  these  measurements  are  reported  in  Table  23.  At  the  two 
temperatures  investigated  there  seem  to  be  no  significant  differences  in  decay 
times  when  pumping  in  the  various  absorption  regions.  The  information  of  interest 
in  these  measurements  is  obtained  in  the  type  of  fluorescence  decay  which  is  ob¬ 
served,  that  is,  double  decay,  initial  rise,  or  pure  exponential.  The  low  fluores¬ 
cence  intensity  encountered  in  these  experiments  made  it  necessary  to  use  a  long 
excitation  pulse  to  obtain  sufficient  energy  input.  This  long  pulse  caused  all  the 
decays  to  appear  as  pure  exponentials  and  thus  no  useful  information  was  obtained. 
It  should  be  noted,  however,  that  the  Rj  line  was  observed  to  be  pumped  through 
the  "pair  band. " 


Table  23.  Selective  Lifetimes  in  Ruby  with  2.  1%  Cr 


Pump 

Band 

(A) 

T  =  78  *K 

T  =  300  *K 

Tri 

(msec) 

X 

(msec) 

(msec) 

T7750A 

(msec) 

Tri 

(msec) 

T"i 

(msec) 

TN2 

(msec) 

t7750A 

(msec) 

3400 

1.03 

0.  70 

0.67 

1.64 

1,56 

1.50 

1.40 

4100 

0.67 

1.05 

0.83 

0.  78 

1.  56 

1.58 

1.64 

1.62 

4775 

1.03 

0.85 

0.  72 

1.48 

1.40 

1. 44 

1.32 

5550 

1.00 

0.  70 

0.  77 

1.44 

1.54 

1.42 

1.  34 
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II.  RESULTS  AND  DISCUSSION  OP  REABSORPTION  EXPERIMENTS 

The  fluorescence  spectrum  of  heavily  doped  ruby  was  described  in  Section  6. 
The  changes  in  this  spectrum  were  studied  when  the  fluorescence  from  one  ruby 
sample  was  passed  through  a  similar  non-fluorescing  piece  of  material  before 
being  measured.  This  experiment  had  the  purpose  of  studying  the  effects  of  re¬ 
absorption  on  the  different  lines  of  the  spectrum,  especially  on  those  lines  which 
originate  from  the  pairs  of  Cr+3  ions.  The  effects  of  reabsorption  on  such  lines 
can  be  used  to  bring  further  information  on  the  assignment  of  the  transitions  and 
the  consistency  of  the  energy  level  scheme.  It  has  also  been  found  here  that  re¬ 
absorption  may  have  some  effects  on  the  linewidths  and  relative  intensities  of 

fluorescent  lines  and  may  throw  light  on  the  interaction  mechanisms  between  such 

+  3 

systems  as  single  and  pair  Cr  ions  in  ruby. 

Jekeli  (1965)  has  recently  reported  on  reabsorption  studies  of  ruby  with  1% 
(atomic)  Cr+3.  He  saw  no  effects  on  the  Nj  and  N2  lines  due  to  reabsorption, 
but  observed  that  the  Rj  and  R2  lines  were  self-reversed  after  the  exciting  radi¬ 
ation  had  traveled  through  only  a  small  amount  of  material. 

The  effects  of  reabsorption  on  all  the  fluorescence  lines  of  ruby  with  2. 1% 
chromium  were  studied  at  70  *K,  at  125*K,  and  at  307*K.  The  fluorescence  spec¬ 
trum  at  each  temperature  was  compared  to  the  spectrum  which  resulted  from  pass¬ 
ing  the  emission  through  a  second  sample  of  3,  25 -mm  thickness.  The  Rj  and  R^ 
lines  were  observed  to  be  self-reversed  in  agreement  with  Jekeli' s  (1965)  work. 

In  general  the  widths  and  intensities  of  the  other  spectral  lines  were  changed  but 
the  effects  of  the  reabsorption  were  different  for  each  line  and  varied  with  temper¬ 
ature.  The  results  can  be  explained  by  considering  the  absorption  cross  sections 
for  the  lines,  the  populations  of  the  various  energy  levels,  and  the  dynamics  of  the 
excitation  of  these  levels. 

The  experimental  apparatus  used  for  the  measurements  was  the  continuous 
fluorescence  equipment  described  in  Section  4  with  the  monochromator  set  for  a 
resolution  of  0.  75  A. 

For  observation  of  the  reabsorbed  spectra  two  samples  were  mounted  on  the 
cold  finger  of  the  cryostat  with  their  c-axes  oriented  in  the  same  direction.  One 
sample  was  exposed  to  the  exciting  radiation;  the  second  sample  was  placed  be¬ 
tween  the  first  samplq  and  the  monochromator  and  shielded  from  the  exciting 
radiation.  Thus,  the  fluorescence  from  the  first  sample  had  to  pass  through 
3.  25  mm  of  non-excited  material  before  being  detected.  The  2. 1%  ruby  samples 
that  were  used  were  cut  from  the  same  region  of  the  same  boule.  They  are  listed 
as  sample  Nos.  5  and  6  in  Table  5. 
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11.1  Experimental  Results 

The  results  of  these  measurements  made  at  307*K  are  shown  in  Figure  36, 

The  R  lines  at  this  temperature  are  both  self-reversed  and  are  affected  almost 
equally  by  the  presence  of  the  second  sample.  The  N  lines  are  both  broadened 
in  the  reabsorbed  spectrum  and  have  much  smaller  decreases  in  intensity  than 
the  R  lines. 

Figure  37  shows  the  results  obtained  at  125*K.  The  R  lines  are  slightly  less 
self-reversed  than  they  were  at  room  temperatur  .  The  N  lines  are  both  greater 
in  the  reabsorption  spectrum  than  in  the  fluorescence  spectrum  at  this  tempera¬ 
ture  considering  the  respective  backgrounds.  Along  with  the  R  and  N  lines  the 
numerous  other  pair  lines  are  visible  at  this  temperature.  In  general  reabsorp¬ 
tion  causes  a  slight  broadening  and  enhancement  of  these  lines  relative  to  the 
background  at  this  temperature. 

The  results  of  these  measurements  near  70"K  are  shown  in  Figure  38.  The 
self-reversal  of  both  the  R  lines  is  greater  than  at  either  of  the  higher  tempera¬ 
tures.  Also,  the  amount  of  enhancement  of  both  the  N  lines  is  greatest  at  this 
temperature.  The  enhancement  of  the  other  pair  lines  is  smaller  at  this  temper¬ 
ature  in  the  presence  of  the  second  sample  and  some  of  them  show  a  loss  in  inten¬ 
sity  in  the  presence  of  the  second  sample. 

Tables  24  and  25  list  the  reabsorption  data  of  the  R  and  N  lines.  The  reab¬ 
sorption  ratios  shown  in  the  first  table  are  the  peak  height  of  each  reabsorbed  line 
divided  by  the  peak  height  of  the  same  line  in  fluorescence  multiplied  by  a  factor 
for  normalizing  the  two  backgrounds.  Thus  the  smaller  numbers  indicate  a  greater 
intensity  loss  due  to  reabsorption.  Numbers  greater  than  one  indicate  an  enhance¬ 
ment  of  the  line  due  to  reabsorption. 

The  linewidths  of  the  N  lines  are  shown  in  the  second  table.  For  both  lines, 
at  all  three  temperatures,  the  reabsorbed  linewidth  is  greater  than  that  of  the 
fluorescent  line.  Also  for  both  lines  the  relative  difference  in  linewidths  is  great¬ 
est  at  1 25*K. 

The  fluorescence  and  reabsorbed  spectra  were  also  observed  at  wavelengths 
out  to  8000  A.  An  attempt  was  made  to  observe  the  effect  of  reabsorption  on  vi- 
bronic  bands.  However,  due  to  the  complexity  of  the  spectrum  in  this  region  only 
the  7076  A  vibronic  band  could  actually  be  measured  at  125*K  and  70*K.  It  ap¬ 
peared  unaffected  by  reabsorption.  The  band  at  7750  A  was  observed  to  be  greater 
in  reabsorption  than  in  fluorescence. 
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Figure  37.  Fluorescence  and  Reabsorbed  Spectra  of  Rul?y  with  2. 1%  Chromium 
Near  125*K 
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Figure  38.  Fluorescence  and  Reabsorbed  Spectra  of  Ruby  with  2, 1%  Chromium 
Near  75*K 
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Table  24. 


Reabsorption  Ratios  1 


T  (*K) 

*2 

R1 

N2 

N1 

307 

0.07 

0.07 

0.68 

0.90 

125 

0.08 

0.  16 

1.45 

2.22 

70 

0.01 

0.06 

1.82 

2.  33 

Table  25.  Linewidths 


_ *2 _ 

N1 

T  CK) 

AXf 

AX 

ra 

AX  -  AX. 
ra  1 

AXf 

*Xra 

A X  -  AX. 

ra  t 

AXf 

AXf 

307 

10.2 

11.8 

0.2 

14.0 

16.0 

0.1 

125 

2.4 

3.4 

0.4 

3.5 

4.3 

0.2 

70 

1.8 

2.0 

0.1 

3.4 

3.9 

0. 1 

11.2  Discussion  of  Reabsorption  Effects 

The  effects  which  the  second  sample  has  on  the  fluorescence  from  the  first 
sample  can  be  divided  into  two  categories.  The  first  consists  of  the  effects  arising 
from  the  absorption  of  the  radiation  as  it  passes  through  the  material.  The  second 
consists  of  the  effects  arising  from  the  redistribution  and  possible  re-emission  of 
the  absorbed  energy. 

The  effects  in  the  first  category  are  exemplified  for  a  typical  fluorescence 
(normalized)  line  in  Figure  39.  After  passing  through  a  material  of  thickness  d, 
the  intensity  of  the  line  is  decreased  by  a  factor  of  Here  a(v)  is  the 

absorption  coefficient  and  equals  ncr(v)  where  n  is  the  number  of  ions  in  the  initial 
state  of  the  absorption  transition  and  cj(v)  is  the  absorption  cross  section.  The 
intensity  of  the  line  is  decreased  to  a  different  extent  at  each  point  due  to  the  de¬ 
pendence  of  the  absorption  cross  section  on  frequency.  This  frequency  selective 
intensity  decrease  has  two  results.  First,  the  linewidth  at  half  maximum  in¬ 
creases  as  the  amount  of  reabsorption  increases.  Second,  when  o(v)d  becomes 
greater  than  one,  self-reversal  begins.  This  condition  also  applies  to  a  Gaussian 
line  shape  (Jekeli,  1965). 
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Figure  39.  Shape  of  a  Reabsorbed  Line.  The  shape  of  /3(v)  is 
assumed  to  be  the  same  as  that  of  the  fluorescence  line  with 


The  magnitude  of  these  effects  of  reabsorption  for  a  specific  line  depends  on 
the  following  factors: 

(1)  The  concentration  of  the  type  of  ions  from  which  the  line  originates. 

(2)  The  distance  the  fluorescence  travels  through  the  unexcited  material. 

(3)  The  absorption  cross  section. 

(4)  The  population  of  the  lower  level  of  the  transition. 

Factors  (1)  and  (2)  are  independent  of  temperature  but  both  (3)  and  (4)  may  be  tem¬ 
perature  dependent.  The  neak  absorption  cross  section  increases  as  temperature 
is  lowered  and  its  halfwidth  becomes  smaller. 

In  purely  electronic  transitions  we  expect  the  integrated  absorption  cross  sec¬ 
tion  to  be  constant  at  all  temperatures  as  verified  by  Nelson  and  Sturge  (1965)  for 
ruby  R  lines.  So  we  expect,  in  general,  greater  reabsorption  at  low  temperature. 
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This  effect  has  produced  observed  lengthening  of  the  R  lines'  fluorescent  lifetime 
(Varsanyi  et  al. ,  1959).  The  population  of  the  lower  level  of  the  transition  will 
depend  on  temperature  if  the  level  is  part  of  a  manifold  of  levels  in  thermal  equi¬ 
librium.  In  this  case  population  changes  tend  to  cause  fluorescence  lines  termi¬ 
nating  on  the  ground  state  to  show  increasing  reabsorption  as  temperature  is  low¬ 
ered  while  those  terminating  on  higher  levels  show  decreasing  reabsorption  as 
temperature  is  lowered. 

The  second  category  of  reabsorption  effects  involves  the  re-emission  of  the 
absorbed  energy  at  frequencies  other  than  that  «f  the  original  line.  The  fluores¬ 
cence  line  originating  from  a  certain  level  may  be  reabsorbed  and  re-emitted  by 
the  second  sample  at  different  frequencies  from  the  same  or,  in  the  case  of  an 
effective  energy  transfer,  from  another  fluorescent  level.  Vib.’onic  transitions 
may  also  decrease  the  amount  of  re-emission  in  a  specific  no-phonon  line,  lit  the 
material  has  two  or  4nore  energy  level  systems,  similar  results  are  obtained  if  a 
fluorescence  line  associated  with  one  system  is  reabsorbed  by  a  transition  of  the 
same  energy  in  the  other  system  instead  of  by  resonant  reabsorption.  The  mag¬ 
nitude  of  these  reabsorption  effects  depends  on  the  probabilities  for  the  various 
transitions  involved.  This  can  be  a  function  of  temperature  in  various  ways  de¬ 
pending  on  the  type  of  transitions,  that  is,  radiationless,  vibronic,  or  cross¬ 
relaxation.  The  amount  of  vibronic  loss  decreases  with  decreasing  temperature. 

If  the  upper  levels  involved  in  a  reabsorption  transition  are  part  of  a  manifold 
of  states  in  thermal  equilibrium,  then  a  high  frequency  line,  when  reabsorbed, 
may  actually  be  used  by  the  second  sample  to  pump  optically  the  lower  frequency 
lines  of  the  same  manifold.  This  effect,  which  is  more  enhanced  at  low  tempera¬ 
tures  when  all  the  population  drops  into  the  lower  metastable  level,  produces  an 
apparent  loss  for  the  fluorescent  signal  at  high  frequency  and  an  increase  of  the 
fluorescent  signals  at  lower  frequencies.  It  may  happen  that  all  the  effects  favor¬ 
ing  the  re-emission  at  a  particular  frequency  may  compensate  and  even  overcome 
the  reabsorption  losses;  in  such  a  case,  a  fluorescence  line  may  appear  enhanced 
in  the  reabsorption  spectrum. 

Two  points  in  the  above  discussion  should  be  re-emphasized.  First, 
fluorescent  lines  terminating  on  the  ground  state  should,  in  general,  be  more 
affected  by  reabsorption  than  lines  not  terminating  on  the  ground  state.  Second, 
in  the  reabsorbed  spectrum  each  line  is  the  superposition  of  the  original  fluores¬ 
cence  line  attenuated  by  the  second  sample  and  of  the  emission  from  the  second 
sample  at  the  same  frequency.  The  attenuation  a  line  experiences  increases  the 
width  of  the  line,  whereas  the  additional  energy  emitted  by  the  second  sample 
produces  the  opposite  effect. 


11.3  Interpretation  of  Results 

Let  us  now  apply  the  conclusions  of  the  previous  section  to  the  specific  case 
of  heavily  doped  ruby  using  the  energy  level  diagram  as  shown  in  Figure  30.  The 
R  lines  are  most  affected  by  reabsorption  and  are  the  only  lines  that  are  self- 
reversed.  The  presence  of  more  single  ions  than  pairs  is  one  reason  why  the 
R  lines  show  greater  reabsorption  effects  than  the  rest  of  the  lines.  Both  R  line 
transitions  have  the  ground  state  as  their  lower  level  and  thus  will  be  reabsorbed 
relatively  strongly  at  all  temperatures.  The  upper  levels  of  their  transitions  are 
thermalized  and  the  R2  level  is  slightly  higher  than  the  Rj  level.  Thus,  some 
of  the  reabsorbed  R^  energy  may  be  transferred  to  the  Rj  level  and  re-emitted, 
causing  the  reabsorption  loss  of  R2  to  be  greater  than  that  of  Rj.  This  effect  is 
greater  at  lower  temperatures  where  more  of  the  population  will  drop  into  the 
lowest  level.  Both  lines  transfer  energy  to  the  pair  systems,  which  adds  to  their 
reabsorption  loss.  Again  this  loss  increases  as  temperature  is  lowered,  as  was 
seen  in  Section  9.  These  fluorescence  lines  may,  however,  increase  with  respect 
to  the  background  at  lower  temperatures  because  of  the  smaller  probability  for 
vibronic  emission.  These  two  factors  seem  to  balance  each  other  in  the  tempera¬ 
ture  interval  from  300*K  down  to  125*K.  The  energy  transfer  process  dominates 
and  the  reabsorption  losses  increase  from  125*K  to  70*K. 

Since  the  N  lines  both  have  as  their  lower  levels  one  of  the  upper  components 
of  an  exchange  split  ground  state  manifold,  we  expect  them  to  be  less  reabsorbed 
at  lower  temperatures  where  the  population  of  these  levels  decreases.  At  the 
same  time,  at  low  temperatures  their  upper  levels  become  more  populated  since 
they  are  the  lowest  components  of  the  excited  state  manifolds  favoring  the  pump¬ 
ing  of  the  N  levels  due  to  more  energetic  reabsorbed  lines.  Both  these  facts  will 
cause  any  reabsorption  losses  to  decrease  as  the  temperature  is  lowered.  The 
energy  transfer  from  single  ions  to  pairs  tends  also  to  increase  the  N  line  emis¬ 
sion  at  the  expense  of  the  R  line  emission  in  both  the  fluorescence  and  reabsorbed 
spectra.  Thin  effect  also  increases  as  temperature  is  lowered  in  the  temperature 
range  investigated.  At  low  temperatures  the  N  lines  are  actually  enhanced  in  the 
reabsorbed  spectrum  due  to  the  dominance  of  this  energy  transfer.  Since  some  of 
the  energy  of  the  N2  line  can  be  transferred  to  the  Nj  line,  the  reabsorption  ratios 
for  the  Nj  iine  are  greater  than  those  for  the  N2  line. 

As  mentioned  before,  the  widths  of  the  N  lines  are  greater  in  reabsorption 
than  in  fluorescence  and  the  relative  amount  of  broadening  for  both  lines  is  great¬ 
est  at  125*K.  This  indicates  an  increase  in  the  attenuation  of  these  lines  between 
30  7*K  and  125*K,  which  may  be  attributed  to  an  increase  in  absorption  cross  sec¬ 
tion  at  the  central  frequency.  The  decrease  from  125*K  down  to  70*K  may  be  due 
to  the  decrease  in  the  lower  level  population  or  to  the  increase  in  fluorescence 
intensity  at  lower  temperatures. 


The  temperature  behavior  of  the  reabsorption  ratios  of  the  other  pair  lines 

can  be  explained  by  considerations  similar  to  those  discussed  above.  For  example, 

two  lines  in  the  Nj  pair  system  (6  948. 6  and  6964.  7  A),  which  in  fluorescence 

originate  from  the  uppermost  state  of  the  N .  system  and  terminate  respectively 

on  the  ground  state  and  on  a  state  33  cm  above  the  ground  state,  present  greater 

reabsorption  at  70°K  than  at  125*K,  due  to  the  transfer  of  their  reabsorbed  ener- 

gies  to  lower  energy  levels.  At  both  temperatures  the  6948. 6  A  line  is  more  re- 

0 

absorbed  than  the  6964.  7  A  line  because  the  former  fluorescence  line  terminates 
on  the  ground  state  and  the  latter  one  terminates  on  a  higher  level. 

The  vibronic  band  at  7076  A  was  also  measured  at  125*K  and  70®K  and  found 
to  be  unaffected  by  reabsorption,  as  expected.  *  However,  the  band  near  7750  A 
was  more  intense  in  the  reabsorbed  spectra  than  in  fluorescence.  This  is  attrib¬ 
uted  to  the  transfer  of  energy  from  the  single  ion  levels  to  the  band  which  was  ob¬ 
served  by  lifetime  measurements  and  excitation  measurements. 


12.  SUMMARY  AND  CONCLUSIONS 

An  extensive  spectroscopic  investigation  was  conducted  on  heavily  doped  ruby. 
Absorption,  excitation,  continuous  fluorescence,  and  pulse  fluorescence  measure¬ 
ments  were  made.  The  changes  in  the  widths,  positions,  intensities,  and  lifetimes 
of  the  Rj,  R2>  Nj,  and  N2  lines  were  measured  at  numerous  temperatures  from 
13#K  up  to  700#K.  Measurements  were  also  made  of  the  lifetimes  at  the  7750  A 
band,  of  the  intensities  of  all  the  lines  of  the  second  and  fourth  nearest  neighbor 
pairs,  and  of  Ihe  effects  of  reabsorption  on  the  fluorescence  spectrum.  The  re¬ 
sults  of  these  experiments  are  now  summarized  and  conclusions,  which  can  be 
drawn  from  these  results,  are  discussed.  Finally,  several  suggestions  for  fur¬ 
ther  work  in  this  area  are  mentioned. 

12.1  Summary  of  Results 

The  various  investigations  discussed  in  Sections  5  through  11  led  to  the  follow¬ 
ing  results: 

(1)  A  great  deal  of  structure  was  reported  in  the  absorption  spectrum  of 
heavily  doped  ruby  near  the  S  lines,  the  B  lines,  and  the  "pair  band."  Much  of 
this  structure  has  not  been  reported  previously. 

(2)  The  excitation  spectra  of  heavily  doped  ruby  showed  the  N  lines  to 
be  pumped  through  the  "pair  band,  "  the  R  lines,  and  at  wavelengths  slightly  less 
than  the  R  lines . 

“’'Since  low  energy  absorption  vibronics  disappear  at  low  temperatures  due  to 
the  lack  of  phonons  for  absorption,  the  reabsorbing  sample  is  transparent  to  the 
low  energy  fluorescence  vibronics  at  these  temperatures. 


(3)  The  continuous  fluorescence  measurements  showed  a  very  complex 
spectrum  consisting  of  pair  lines,  a  multiple  ion  band  and  vibronics.  The  vibronics 
were  the  most  important  emission  process  at  high  temperatures  and  the  N  lines 
were  the  dominant  spectral  feature  at  low  temperatures. 

(4)  The  energy  level  diagrams  for  the  two  established  pair  systems  were 
constructed  and  numerous  lines  were  assigned  to  transitions  between  levels  in 
these  systems.  These  results  were  consistent  with  previous  investigations  but 
one  new  level  was  established  and  four  new  lines  were  given  assignments. 

(5)  The  single-ion  and  the  two-pair  metastable  levels  were  all  observed 
to  be  in  thermal  equilibrium  at  high  temperatures  and  to  decouple  at  low  tempera¬ 
tures.  The  temperature  at  which  the  levels  decouple  and  the  amount  of  deviation 
from  thermalization  were  both  greater  for  the  less  concentrated  sample  indicating 
that  the  probability  for  energy  transfer  between  these  levels  is  greater  for  more 
concentrated  samples. 

(6)  A  cross -relaxation  process  was  proposed  as  the  means  of  energy 
transfer  between  the  R  and  N  systems.  In  the  scheme  used  this  process  pro¬ 
duces  thermalization  of  the  R  and  N  levels  at  high  temperatures  and  allows  con¬ 
tinuous  pumping  from  the  R  to  the  N  levels  at  low  temperatures.  It  was  also 
established  that  the  pumping  efficiency  is  greater  for  the  N2  than  for  the  Nj  level 
and  that  pumping  from  the  R2  level  is  greater  than  pumping  from  the  Rj  level. 

(7)  Tie  results  of  lifetime  measurements  made  at  the  R  and  N  lines 
and  at  the  band  near  7750  A  were  consistent  with  the  results  of  intensity  measure¬ 
ments  in  that  all  the  decays  were  pure  exponentials  with  the  same  decay  time  in 
the  range  of  thermalization.  The  observations  of  initial  rises  in  fluorescence  and 
double  decays,  when  the  systems  were  decoupled,  were  indicative  of  the  concen¬ 
tration  and  temperature  dependence  of  the  energy  transfer  process.  The  rate 
equations  used  to  explain  the  relative  intensity  measurements  were  also  used  to 
explain  the  results  of  the  lifetime  measurements.  Evidence  was  given  for  the 
presence  of  a  certain  amount  of  direct  pumping  from  the  absorption  bands  to  the 

N  levels  and  to  the  band  at  7750  A  at  low  temperatures. 

(8)  The  thermal  dependence  of  the  widths  of  the  R  and  N  lines  deter¬ 
mined  experimentally  was  explained  by  considering  microscopic  strain,  direct 
phonon  processes,  and  Raman  scattering  processes.  The  thermal  dependence  of 
the  positions  of  the  R  and  N  lines  was  explained  by  considering  the  continual 
absorption  and  emission  of  virtual  phonons  by  an  impurity  ion,  A  Debye  distribu¬ 
tion  of  phonons  was  used  with  different  Debye  temperatures  for  the  line  broaden¬ 
ing  processes  and  the  lineshift  processes.  The  broadening  processes  for  the 

R  lines  were  also  explained  using  a  different  Debye  temperature  than  that  used 
for  the  N  lines.  For  the  direct  process  contribution  to  the  broadening  of  the 
N  lines  only  phonon  transitions  in  the  ground  state  manifolds  with  the  selection 


rule  AS  =  ±  2  were  found  to  be  important. 

(9)  The  changes  in  the  fluorescence  spectrum  of  heavily  doped  ruby  were 
studied  when  the  emission  from  one  sample  was  passed  through  a  similar  nonfluo¬ 
rescing  piece  of  material  before  being  measured.  Reabsorption  was  seen  to  affect 
all  the  no-phonon  lines  in  the  fluorescence  spectrum  of  heavily  doped  ruby.  The 
R  lines  were  self-reversed  and  the  N  lines  enhanced  due  to  reabsorption.  The 
intensities  of  the  numerous  other  pair  lines  were  also  affected  by  reabsorption; 
some  increased,  others  decreased,  consistently  with  the  energy  level  schemes 
constructed  previously  for  the  single  ion  and  pair  systems  and  with  the  observed 
energy  transfer  between  these  systems.  The  reabsorbed  lines  were  all  observed 
to  be  broadened  due  to  the  frequency  dependence  of  the  absorption  cross  section. 

• 

No  effects  of  reabsorption  were  observed  on  the  vibronics.  The  band  near  7750  A 
was  enhanced  by  reabsorption  due  to  the  energy  transfer  to  it  from  the  single-ion 
levels. 

12.2  Discussion  of  Results  and  Conclusions 

The  results  listed  in  the  previous  section  indicate  the  wide  variety  of  informa¬ 
tion  obtainable  from  spectroscopic  investigations  of  paramagnetic  ions  in  crystals. 
Knowledge  was  obtained  about  the  environment  of  the  impurity  ion,  the  vibrations  of 
the  host  lattice,  and  the  quantum  electronic  aspects  of  the  whole  system. 

The  high  intensity  of  the  S  and  B  lines  and  their  satellite  lines  in  the  absorp¬ 
tion  spectrum  of  ruby  with  2. 1%  Cr  shows  one  important  reason  for  the  study  of 
heavily  doped  materials.  The  increased  intensity  facilitates  the  analysis  of  the 
results.  This  is  due  to  the  fact  that  the  large  number  of  absorbing  centers  com¬ 
pensates  for  the  weakness  of  those  transitions  which  are  forbidden  by  the  selection 
rules.  These  results  can  be  correlated,  in  principle,  with  results  obtained  using 
the  new  experimental  technique  of  excited  state  absorption.  In  these  experiments 
on  ruby,  spin  allowed  doublet -doublet  transitions  are  observed  instead  of  the  spin 
forbidden  quartet-doublet  transitions  appearing  in  the  ground  state  absorption 
spectrum. 

Also  the  knowledge  of  pair  effects  gained  from  the  study  of  heavily  doped 
crystals  is  of  practical  importance  even  though  most  crystals  used  in  device 
applications  are  lightly  doped.  In  Section  6  it  was  seen  that  pair  lines  may  appear 
in  the  fluorescence  spectrum  of  ruby  with  0.03%  Cr.  Thus,  ion  pairs  may  provide 
a  loss  mechanism  for  crystals  used  as  lasers. 

An  important  conclusion  to  be  drawn  from  the  results  of  the  fluorescence  work 
is  the  validity  of  a  model  of  ruby  which  allows  for  the  existence  of  individual  opti¬ 
cally  active  systems  of  single  ions  and  pairs,  the  relevance  of  the  various  systems 
being  determined  by  the  concentration  of  chromium.  This  follows  from  the  obser¬ 
vation  that  lines  within  each  system  remain  thermalized  at  low  temperatures  but 
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they  are  not  thermalized  with  lines  belonging  to  other  systems. 

Another  important  conclusion  is  the  validity  of  a  cross-relaxation  model  for 
the  interaction  between  the  single-ion  and  pair  systems.  This  model  predicts  the 
thermalization  observed  at  high  temperatures  and  the  pumping  of  the  lower  levels 
at  low  temperatures.  The  observed  thermalization  at  high  temperatures  of  levels 
belonging  to  different  systems  indicates  the  nonradiative  character  of  the  interac¬ 
tion.  A  radiative  energy  transfer  would  take  too  long  to  permit  thermalization. 
Further  evidence  in  favor  of  the  cross -relaxation  model  is  found  from  the  fluores¬ 
cent  lifetime  measurements.  This  model  explains  the  observed  temperature  and 
concentration  dependence  of  the  various  lifetimes  observed  in  both  the  high  and 
low  temperature  ranges. 

The  results  obtained  in  this  work  show  the  importance  of  studying  energy 
transfer  in  crystals  over  a  wide  range  of  temperatures,  rather  than  at  two  or 
three  temperatures  as  it  is  usually  done.  The  energy  transfer  may  depend  on 
temperature  in  such  a  way  that  different  results  are  obtained  at  high  temperatures 
(for  example,  thermalization)  and  at  low  temperatures  (pumping  of  the  lower  levels). 

The  results  of  this  work  also  show  the  importance  of  correlating  lifetime  and 
intensity  measurements.  The  same  physical  model  should  be  used  in  explaining 
the  results  of  the  two  types  of  measurements.  The  mathematical  expressions  ob¬ 
tained  from  the  theoretical  model  should  be  solved  under  equilibrium  conditions 
to  explain  the  results  of  intensity  measurements  and  under  dynamical  conditions 
to  explain  the  results  of  lifetime  measurements. 

The  use  of  different  Debye  temperatures  in  explaining  the  observed  thermal 
dependence  of  the  widths  of  the  R  and  N  lines  indicates  that  the  effective  phonon 
distributions  are  different  for  Raman  scattering  by  single  ions  and  by  pairs.  Sim¬ 
ilarly,  the  lineshift  processes  have  different  effective  phonon  distributions  than  the 
line  broadening  processes.  The  different  values  of  p  used  for  the  two  samples 
investigated  indicate  that  the  coupling  of  the  active  ions  to  the  lattice  increases 
with  concentration.  The  results  of  the  linewidth  and  lineshift  studies  also  show 
the  relevance  of  direct  processes  and  can  be  used  to  determine  the  presence  of 
specific  types  of  processes  (for  example,  Orbach  processes  (Yen  et  al.,  1965)]. 

An  indication  of  the  lifetimes  of  certain  states  can  also  be  obtained  from  these 
measurements.  The  selection  rule  AS  =  ±  2  obtained  for  the  ground  state  mani¬ 
folds  of  the  pair  systems  implies  long  lifetimes  for  levels  S  =  1  of  the  Nj  system 
and  for  S  =  2  of  the  N2  system  and  the  feasibility  of  the  use  of  these  levels  for 
submillimeter  maser  action  (Strain,  196  3). 

The  model  used  for  ruby  with  interacting  single-ion  and  pair  systems  is  con¬ 
sistent  with  the  results  of  the  reabsorption  experiments.  Energy  transfer  may 
cause  an  enhancement  of  some  of  the  reabsorbed  lines.  Reabsorption  itself  has 
the  greatest  effect  on  lines  terminating  on  the  ground  state.  Due  to  energy 
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transfer,  however,  fluorescence  lines  not  terminating  on  the  ground  state  may  be 
significantly  changed  in  the  reabsorbed  spectrum.  Also,  the  width  of  a  reabsorbed 
line,  as  well  as  its  intensity,  is  important  since  it  may  give  an  indication  of  the 
extent  of  reabsorption  even  for  a  line  whose  intensity  is  enhanced. 

12.3  Implications  for  Further  Work 

The  results  obtained  in  this  investigation  suggest  several  interesting  topics 
which  could  be  the  subject  of  future  work: 

(1)  A  rigorous  theoretical  explanation  of  the  coupling  of  the  ion  pairs  is 
needed  to  successfully  explain  the  excited  state  splittings  and  the  magnitudes  of  J. 

(2)  More  experimental  work  using  samples  with  a  wider  range  of  concen¬ 
tration  is  needed  to  firmly  establish  the  nature  of  the  coupling  mechanism  between 
single  ions  and  pairs  (Imbusch,  1966). 

(3)  The  regions  near  the  B  and  S  lines  in  the  absorption  spectrum  of 
heavily  doped  ruby  should  be  investigated  further  to  determine  the  possible  IHronic 
or  pair  nature  of  the  numerous  transitions  observed  in  these  regions.  Also  the 
absorption  "pair  band”  should  be  further  studied  to  establish  the  nature  of  the 
transitions  giving  rise  to  it. 

(4)  Excitation  experiments  should  be  performed  using  greater  resolution 
in  order  to  better  ascertain  the  pumping  processes  which  excite  the  N  lines,  es¬ 
pecially  by  pumping  in  the  pair  band  and  at  wavelengths  slightly  shorter  than  the 
R  lines.  Low  emission  intensities  may,  however,  prove  to  be  a  problem  in  this 
work. 

(5)  The  origin  of  the  fluorescence  band  near  7750  A  should  be  better 
established  and  the  vibronic  spectrum  of  heavily  doped  ruby  should  be  determined. 
Also  the  satellite  lines  appearing  near  the  R  lines  of  heavily  doped  ruby  in  both 
absorption  and  fluorescence  should  be  given  assignments. 

(6)  A  quantitative  explanation  of  the  relative  intensity  measurements 
should  be  attempted  using  the  cross -relaxation  model  developed  in  Section  9. 

(7)  It  would  also  be  interesting  to  perform  reabsorption  measurements 
similar  to  those  described  in  Section  11  using  pulsed  excitation.  This  would  indi¬ 
cate  the  effects  of  reabsorption  on  fluorescence  lifetimes. 

(8)  Lifetime  measurements  at  some  of  the  most  prominent  pair  lines 
other  than  and  N2  (for  example,  6948. 6  A,  6989.  4  A,  7001.8  A,  and  7058.  2  A) 
should  be  made.  This  would  give  further  confirmation  of  their  assignment  to  spe¬ 
cific  pair  systems  and  of  the  energy  transfer  from  the  R  to  the  N  systems. 

It  is  obvious  that  even  with  the  voluminous  amount  of  literature  available  on 
ruby  there  is  still  a  great  deal  which  is  not  understood  about  this  material  and 
which  could  be  the  subject  of  further  fruitful  studies. 
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